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Abstract 
A Study of Intermittency and Multifractality in 
^^Si-Emulsion Collisions at 14.6A GeV 
1.1 INTRODUCTION 
The study of heavy ion collisions at relativistic energies has become a subject of 
extreme interest among the physicists working in nuclear physics, particle physics, high-
energy physics and statistical physics. This is possibly due to the fact that such heavy ion 
collisions will provide us nuclear matter with high temperature of the order of 200 MeV 
(~10'^ K) and energy density of the order of 3 GeV/fnr, revealing many new phenomena. 
One such phenomenon, predicted by theoretical physicists is that in the collisions, a 
hot novel phase of matter quark gluon plasma (QGP), might be formed and the system 
will cool with subsequent expanding and will undergo a phase transition from de-
confined QGP to confined hadrons. The study of nuclear collisions at relativistic energy 
will also provide the knowledge of the equation state of nuclear matter at densities 
relevant to the interior of Neutron Star and for our understanding of the creation of the 
Universe. So far there are no clear experimental indications for the creation of quark 
matter. However, the study of unusually large density fluctuations observed in high 
energy hadronic and heavy ion collisions has drawn special attention towards the 
understanding of the mechanism of particle production. The existence of large 
fluctuations may be a signal for a phase transition and the understanding of the origin of 
these fluctuations may provide new insights into the underlying mechanisms responsible 
for the particle production. 
The main problems addressed in this Thesis concern the description and 
interpretation of local particle-multiplicity fluctuations observed in high-energy heavy 
ion collisions experiments at CERN. Dubna and BNL laboratories. In fact, the quest for 
dynamical local fluctuations are the quest for chaotic behaviour in any multiparticle 
system: at the simplest level, such a chaotic behaviour means that particles have a 
tendency to form so-called ''spikes'" according to some dynamical process. In high-energy 
physics, spikes are seen as high-density peaks of dynamical origin in the phase-space 
distribution for individual events. 
Further the fluctuations in multiparticle production systems can be described by 
correlations between produced particles in such collisions. Positive correlations between 
particles produce clustering and lead to spikes. Negative correlations produce anti-
clustering and lead to "dips" in phase-space distributions for single experimental events. 
In fact, the concepts of fluctuations and correlations are equivalent, because both 
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descriptions have the same physical content. One can, in principle, choose either method; 
this choice only depends on the specific system and the actual questions under study. In 
this thesis, I will mainly use the fluctuation approach in which one studies the 
characteristics of multiplicity distributions in ever smaller phase intervals using the 
method of Takagi moments, T^^, Scaled factorial moments, F^, and Modified multifractal 
moments, G^^. 
1.2 PRESENT EXPERIMENTS AND METHODOLOGY 
In the present investigations, two stacks of FUJI type nuclear emulsion with printed 
grid on air-surface and exposed horizontally to a 14.6A GeV silicon beam at the 
Alternating Gradient Synchro-phasotron (AGS) of Brookhaven National Laboratory 
(BNL), NewYork, USA, have been utilized for the data collection. The dimensions of 
stacks used are the order of 16 x 10 x 0.06 cm"* and the quality of beam in terms of nature . 
of incident beam flux is the order of- 3.0x10^ ions/cm". In this work, the method of line 
scanning has been used to pick up interactions (stars) using JAPAN made NIKON 
(LABOPHOT and TC-BIOPHOT) microscopes with 8 cm movable stage using 40X 
objectives and lOX eyepieces. The beam tracks were picked up at least 3 mm from the 
entrance edge of the pellicle to eliminate the distortion effects. A total of 1205 inelastic 
interactions of silicon were picked up by following 141.59 m of the primary track length 
leading to mean free path A.,nei = 11.75 ± 0.34 cm. Out of these interactions that were 
within 35fim from the top or bottom surface of the emulsion pellicle, were not considered 
for the final analysis. Moreover, collisions caused by primaries making an angle > 2 with 
the mean beam direction were not recorded. In this contrast, 951 interactions were picked 
up for final analysis. 
In order to compare the experimental results with the prediction of standard 
generators of particle production in nucleus-nucleus collisions, we have generated 10,000 
"**Si-Em collisions events at 14.6A GeV using the ultra-relativistic quantum molecular 
dynamics, (UrQMD) model. To check the presence of the statistical fluctuations in 
multiparticle production, the experimental data have been compared with 10.000 
randomly generated uncorrelated Monte Carlo (MC-RAND) events. 
All the mathematical formalisms and simulations in UrQMD and MC-RAND models 
have been evaluated using the FORTRAN, C and C++ programming. 
1.3 RESULTS 
The content of Ph. D. Thesis has been divided into seven chapters. Chapter 1 
presents a brief Introduction to High Energy Heavy Ion Collisions and its important 
relevance. A brief account of formation of Quark-Gluon Plasma in High Energy Heavy 
Ion Collisions has been discussed and it is stated there that the collection of various types 
of experimental data on high-energy heavy ion collisions is of great importance, even if 
any direct signal of Quark Gluon Plasma (QGP) is not seen in these studies. These resuhs 
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may still provide the necessary background, with which the signals from the plasma can 
be searched. A resume of the present work has been presented in the end of this chapter. 
The complete discussion regarding the experimental technique and data collection 
has been made in Chapter 2. This includes an introduction to the nuclear emulsion, its 
chemical composition, details of stacks used, scanning procedures, selection criteria of 
useful events, classification of tracks and events and the methods of various 
measurements employed in the present experiments. In last section of this chapter various 
models, which are being used to explain the experimental results have been qualitative 
discussed to understand the collision geometry and dynamics of multiparticle production 
in nucleus-nucleus collisions at ultrarelativistic energies. 
In Chapter 3 of the thesis, some experimental results on the "'general characteristics 
of heavy ion collisions at relativistic energies" have been described in the interactions of 
^^Si-emulsion collisions at 14.6A GeV to extract the valuable information about the 
mechanism of particle production. These results are mean free path, interactions with 
different targets, multiplicity distributions of various types of charged particles produced 
in such collisions, scaling of grey particle multiplicity, mean multiplicity of charged 
secondaries, dependence of mean multiplicity on target mass and several types of 
correlations among the various charged secondaries. 
On the other hand some interesting results on the angular characteristics of these 
particles have been described in terms of angular distributions and pseudorapidity 
distribution, and rapidity gap distribution have been also made. The results presented in 
the thesis have been compared with other results on nucleus-nucleus and hadron-nucleus 
collisions in order to find the dependence of various parameters on projectile and target 
mass. Besides the above, the scaling of multiplicity distributions of relativistic shower 
particles and slow particles produced has also been studied in order to check the validity 
of KNO-scaling. A simplified universal function has been used to represent the 
experimental data. And finally multiplicity correlations in terms of maximum fluctuation 
have been also discussed. 
In Chapter 4 deals some experimental results entitled fractal behaviour of target 
fragments in ' Si-Em collisions at 14.6A GeV\ The main features of the experimental 
results as follows. 
The existence of non-statistical fluctuations using the method of scaled factorial 
moments (SFMs) and multifractality using the method of modified multifractal moments, 
G^, has been observed in present study for fast and slow target associated particles from 
TO 
Si-Em interactions at 14.6A GeV. It has been found that the linear rise in the values of 
In < F^ >""' with InM positive slopes confirms the existence of intermittency in the 
emission spectra of grey and black particles. Whereas, the linear increasing pattern of the 
modified multifractal moments gives an indication of self-similarity for the mechanism of 
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particle production in target fragmentation region. However, no such linear rise 
behaviour is observed in the plot of In < F^  >""''' vs. InM for randomly generated 
uncorrelated Monte Carlo events. The linear rise of the anomalous fractal dimension, d , 
with the increase of q indicates the association of multifractality in the emission spectra 
of target fragments. The decreasing trend in the value of generalized fractal dimension, 
D^^. with the order of moments, q clearly gives an evidence of multifractal cascade 
mechanism. The values of intermittency index, a^^, and mass exponent function, r , are 
found to increase with the increase in order of moments, q. Some interesting conclusions 
regarding multifractal specific heat and the occurrence of non-thermal phase transitions 
are also presented in target fragmentation region. The data for grey and black particles do 
not support a clear evidence for the existence of non-thermal phase transition. A 
remarkable discussion scaling law nature has been observed for higher order factorial 
moments. Finally, an important result has been made regarding the erratic fluctuations in 
target fragments for the present data. Power law behaviour in Eq. (4.22) is well satisfied 
for grey and black tracks. The entropy index, //^ ^ calculated from the erraticity exponents, 
I// (p), is found to be more for black tracks then grey particles. Thus data support the 
chaotic fragmentation process in relativistic heavy-ion collisions. 
In Chapter 5, ''some observations related to intermittency and multifractality in ' Si-
Em collisions at 14.6A GeF' has been presented using the methods of Takagi moments 
r, , scaled factorial moments (SFMs), F^, and modified multifractal moments. G,^ . The 
dependence of these moments on the number of bins M is found to follow power law 
behaviour for the experimental data in pseudorapidity phase space. This study has been 
performed in different Ng intervals and compared with ultra-relativistic quantum 
molecular dynamics (UrQMD) model and also uncorrelated Monte Carlo generated (Mc-
RAND) events. The flat behaviour of In < F,^  > vs. In A/ plot for MC events gives an 
indication of absence of statistical fluctuations. The calculated values of anomalous 
fractal dimension, c/,^ , and generalized dimensions, D^^, using all the multiplicity 
moments F,, G and F , indicate the existence of multifractality and a self-similar 
cascade mechanism in multiparticle production. The multifractal Bernoulli representation 
D^i on \n{q /{cj -\)} is found to support the linear dependence of D,^  on ln{^/(^y-l)j, 
and on the basis of this analysis one can say that there is no universality in the values of 
the multifractal specific heat, c, calculated from F^, F,^  and G,^-moments. Some 
consistency seems to be observed in the values of the specific heat obtained from Takagi 
method. Finally, the non-thermal phase transitions have been studied using only F , 
moments in different number of bins M, which conclude that our data for relativistic 
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shower particles do not support a clear evidence for the existence of non-thermal phase 
transitions. On the basis of various results corresponding to the experimental findings, 
UrQMD and MC predictions suggest that the fluctuations recorded experimentally might 
have an indication of some dynamical origin. 
The evidences of ''Existence of levy stability and intermittent behaviour in multi-
JO 
dimensional phase space in " Si-Em interaction at 14.6A GeV" have been discussed in 
Chapter 6. These data have been analysed in terms of intermittency and fractal 
properties. The experimental results are compared with the predictions of Monte Carlo 
model (Mc-RAND) and the string hadron model, UrQMD. The findings of this chapter 
are summarized as: 
The generalized power law behaviour of scaled factorial moments in rj and ^ -
spaces in one-dimension and in two-dimension j](p phase space reflects an evidence for 
an intermittency pattern of fluctuations in all the above mentioned interactions at 14.6A 
GeV for shower particles. The present study also gives a strong evidence of self-similar 
structure in multiparticle producfion in such collisions at 14.6A GeV for two-dimensional 
rj^ -phase space rather than one-dimensional //and /^ -phase spaces. The values of scaled 
factorial moments and the intermittency indices, a^^, in one and two dimensional-space 
show a strong dependence on Ns -multiplicity as well as phase-space dimension. Whereas 
/?^  are independent of muhiplicity. The decreasing trend of «•,(?;), oc^{^) and ajirjcl)) 
indicates that the intermittency effect are stronger in events with low Ns - multiplicity. 
The higher experimental value of the scaling exponent, v, in comparison to the critical 
value indicates that no second order phase transition exists in the present interactions. 
' < 
independent of event multiplicity and phase-space dimension. Increasing trend of 
d with q gives an evidence of multifractal structure and presence of a self-similar 
cascade mechanism. The value of the Levy index, / / , found in the Levy stability analysis 
is of the order of 0 < // < 2 for present data for different Ns intervals in one and two 
dimensional phase spaces, which is consistent with the Levy stable region 0 < |a < 2. The 
values of v and // for the data give an evidence of self-similar cascade mechanism 
responsible for multiparticle production. Also, there is no evidence for quark-gluon 
plasma. Furthermore, the decreasing trend of the Renyi dimensions, D^^, with increasing 
q gives an evidence of self-similar process in ?;, (?5 and ri(l) phase spaces respectively. A 
smooth and an upward convex shape of multifractal spectral function, f {a). in one and 
two dimension phase space may predict the presence of non-statistical fluctuation for our 
data. Comparison of all the experimental results with the data generated using the ultra-
The values of the ratios of anomalous fractal dimensions d, = are found to be 
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relativistic quantum molecular dynamics (UrQMD) model reproduced similar pattern in 
most of the results. 
Finally, a modest attempt has been made to study the spatial and event-to-event 
fluctuations of produced relativistic shower particles in heavy ion collisions at 14.6A 
GeV. Experimental results exhibit the power law behaviour of normalized moments, 
C^^^, which indicates the erratic fluctuations. The variation of //,^  with q agrees with the 
predictions of UrQMD model in rj and (j) -spaces. This behaviour indicates chaoticit> in 
particle production. It is demonstrated that like multifractal spectral through G,^ -
moments, erraticity spectrum may also be constructed, which will help to extract 
maximum information on self-similar fluctuations in nucleus-nucleus collisions at high 
and ultra-high energies. Erraticity may also give useful information regarding the entropy 
and chaotic nature of particle in heavy ion collisions. 
Some significant results have been obtained for dynamical fluctuations in present 
work. It is believed that these fluctuations may be a weak signal of QGP formation in 
such experiment. Further, evidence of these fluctuations has also been observed in low 
energy nuclear collisions, whereas the formation of QGP is not expected. Even in target 
fragmentation process, where the QGP phase transition is most unlikely, some physicists 
have reported evidence of dynamical fluctuations in earlier work. So far, QGP phase 
transition cannot be the only reason for the fluctuations observed in present experimental 
data. It may be possible that the observed fluctuations may have more remarkable 
explanation. The present short-range correlations or random cascade mechanism or some 
collective phenomena could be responsible for the observed dynamical correlations in 
heavy ion collisions at relativistic energies. 
In last but not the least this thesis has touched on several seemingly disparate areas 
and it is acknowledged that there is much more mathematical and physical depth that may 
be explored. However, this work has provided some good insights into statistical 
mechanics, multifractals, intermittency and research in general, which will be no doubt 
be of great benefit to future work. 
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High Energy Heavy Ion Collisions glucans 
1.1 INTRODUCTION 
The primary goal of high-energy heavy ion collisions is to discover the fundamental 
forces, symmetries and the elementary particles in Nature. On the other hand, Particle 
physics is the science of the fundamental structure of matter, which leads to the study of 
the properties of subatomic particles and mechanism of their interactions. Its ultimate aim 
is to find a complete description of the elementary constituents of matter and of the forces 
acting between them. The final structure of elementary particle is found to consist of 
quarks for which no structure has been observed for them, so they are regarded as the 
point like particles. These results have been obtained by scattering experiments at higher 
and higher energies, as required to achieve information on smaller and smaller objects. 
Any isolated single fi-ee quarks have never been observed experimentally, and therefore it 
is conjectured that quarks are confined together with other quarks to form hadrons. The 
strong (color) force field between the quarks is intermediated by gluons, and inside the 
hadrons quark-antiquark pairs are formed as quantum fluctuations. 
The interest in the study of high-energy nuclear matter has increased many folds due 
to the possibility of studying unstable states of nuclear matter under extreme condition of 
high energy density and high temperature. Physicists are very keen to see its outcomes as 
they expect that it would throw its flashes towards the evolution of the universe and 
deconfined state of freely interacting quarks and gluons known as quark-gluon plasma 
(QGP) [1-3], which is believed to have existed in the form of QGP for few microseconds 
after the Big Bang. It is also interesting to study about the strong forces present between 
the quarks and gluons in the hadronic matters. It is believed that shortly after the creation 
of the Big Bang all matters were in a state called the QGP. Due to rapid expansion of the 
universe, this plasma went through a phase transition to form large number of hadrons 
like pions, protons and neutrons etc. Such a new phase of matter might be produced 
experimentally in heavy ion collisions at ultrarelativistic energies. 
The Quantum Chromo-Dynamics (QCD) [4] theory describes the strong interaction 
between the hadronic matter which predicts a novel phase transition from a confined state 
of quark and gluon to deconfined state, where quarks and gluons would be free to move 
and freely interacting in the hadronic matter, which would be at higher energy density. 
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1.2 ULTRA-RELATIVISTIC HEAVY ION COLLISIONS AND QGP 
It has been suggested that a novel state of matter could be reached a heavy ion 
collisions provided the beam energy is high enough. Ultra-relativistic heavy-ion 
collisions provide a system in which the properties of hot dense strongly interacting 
matter at the energy densities - 2 GeV/fm^ produced in these collisions may undergo a 
phase transition to a quark-gluon plasma [5]. Such a phase transition could produce large 
fluctuations in phase-space. Most energetic collisions of nucleus-nucleus collisions give 
an indication that the energy density over few GeV/fm in comparison to normal nuclear 
matter - 0 . 1 6 GeV/fm'^  can be achieved, which is the necessary condition for the 
formation of QGP. Recent lattice quantum chromodynamics (QCD) calculations [6,7] 
predict a critical temperature of 200 MeV corresponding to an energy density of ~ 3 
GeV/fm^ and /or high baryon density (> 0.5 /fm"'), which is essential for the formation of 
QGP [8,9 and references therein]. 
A schematic representation of the phase diagram of strongly interacting matter, 
showing the transition between hadronic matter and the quark-gluon plasma as a function 
of temperature and baryon chemical potential has been depicted in Fig. 1.1 [10]. The 
phase diagram of strongly interacting matter gives the following informations: 
(i) At low temperatures and baryon densities, the system can be described in terms of 
hadrons, nucleons, mesons and internally excited states of nucleons. 
(ii) In the high - temperature (~ 170 MeV or lO'^ K), high - baryon density (-5-10 times 
density of nuclear matter) regions in which matter exists as a nuclear liquid, hadron gas, 
or quark-gluon plasma. 
(iii) The path followed by the early universe as it cooled from the quark-gluon plasma 
phase to normal nuclear matter is shown by an arrow on the left. The dotted line leading 
to a black rectangular spot near the bottom indicates the path taken by a neutron star [11] 
as it forms. 
(iv) Heavy-ion collisions follow a path between these two extremes, increasing both the 
temperature and baryon density. It may be verified in future experiments that the energy 
densities ~ 1-3 GeV/fm"', equivalent to a temperature T^ ~ 150-200 MeV or baryon 
density p^ »5-10 times nuclear matter density can indeed be reached in heavy ion 
collisions. 
The mixture of nucleons, baryonic resonances and mesons constitutes hadronic 
matter. The white area in Fig. 1.1 represents this hadronic phase. At very high 
temperatures the hadrons melt and their constituents, the quarks and gluons, form a new 
phase of matter, the so-called quark-gluon plasma. This "deconfinement" phase transition 
from hadronic matter to quark-gluon matter takes place at a temperature of about 170 
MeV [12] (at net baryon density zero), which is 130 thousand times hotter than the 
interior of the sun. Such conditions did exist in the Early Universe [13] a few 
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microseconds after the Big Bang and can be created in heavy ion collisions at ultra-
relativistic energies as provided by the accelerators SPS (CERN), RHIC (Brookhaven) 
and the fiiture LHC (CERN). 
The baryons in highly compressed cold nuclear matter also lose their identity and 
dissolve into quarks and gluons. The similar situation exists in the interior of neutron star 
[11]. The critical density, at which this transition occurs, however, is not known. The 
same is true for the entire high-density area of the phase diagram. At very high densities 
and low temperatures, beyond the deconfmement transition, a new phase is expected: the 
quarks are correlated and form a color superconductor. At the "critical point" the 
deconfmement/chiral phase transition is predicted to change its character. The new GSI 
facility permits the exploration of the "terra incognita" of the QCD phase diagram in the 
region of high baryon densities. This research program is complementary to the 
investigations performed at the RHIC facility at Brookhaven, USA, and at the SPS and in 
the future, the LHC facility (ALICE project). 
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Fig. 1.1: A schematic phase diagram of strongly interacting 
matter, showing phase transition between hadronic matter and 
QGP as a function of temperature and baryonic chemical 
potential. Present Fig. has been taken from Ref. [10]. 
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1.3 THE EARLY HISTORY 
The process of breaking up of nucleus by collision of an energetic particle and/or 
nucleus in a number of charged and uncharged particles is known as the nuclear 
disintegration. This nuclear disintegration can be explained as a two-step process: a fast 
and slow one. In fast process, energetic particles are produced including the incident 
particles and some light stable fragments such as H2, H3, Hes and He4 are also emitted. 
The slow process consists of the de-excitation of the excited nucleus by the evaporation 
process. Most of the evaporated particles are neutrons, protons and alpha particles etc. 
The study of the emitted particles may give informations about the structure of the target 
nucleus and the mechanism of interactions. The process of nuclear collisions at extremely 
high energies can provide us to understand about nuclear forces as well as the structure of 
hadronic matter in hadronic interactions. The first clear evidence for nuclear 
disintegrations by cosmic rays was provided by the observations in the photographic 
plates of emulsion by Blau and Wambacher in 1937 [14]. Then, this phenomenon was 
studied with the help of improved nuclear emulsions by Occhialini and Powell in 1947 
[15]. But the experimental knowledge from these studies is limited due to low intensity 
cosmic rays since the flux of the primary cosmic rays falls rapidly with increasing 
energy. Hence cosmic ray studies could not provide much information on interaction 
phenomena, because neither the identity nor the energy of the particles taking part in the 
interactions, were accurately known. The interest in nuclear disintegration studies revived 
with the development of particle accelerators because accelerators can provide a beam of 
any desired particle with controlled energies and fluxes. The hydrogen bubble chamber 
experiments which provide a lot of experimental informations about hadron-hadron 
interaction were meant for understanding the hadron-hadron collision process. But in 
hadron-nucleus collisions at high energies have generally been carried out either by 
employing counter or emulsion techniques. The counter technique has been used to study 
the multiparticle production in hadron-nucleus collisions. In counter experiments, target 
nuclei are unique and mass number dependence of various parameters can be studied 
carefully. However, in counter experiment large angle secondaries can not be recorded. 
While, in emulsion the most complete picture of the interaction is recorded which can 
provide maximum informations of various kind about interactions. But the emulsion 
studies suffer from the defect that the exact separation of nucleon-nucleon collisions from 
hadron-nucleus interactions is not possible. The various kinds of nuclei present in 
emulsion can not be clearly separated out and nuclear interaction with some particular 
kind of nuclei can not be made with its help. Inspite of its limitation the nuclear emulsion 
is still an excellent technique for the study of the high-energy nuclear interactions due to 
the following reasons: 
(i) Nuclear emulsion has wide range of sensitivity, 
(ii) Nuclear emulsion has high angular resolution and having 4K solid angle coverage. 
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(iii) Number orgrcy tracks produced in emulsion provides information about the number 
of encounters made by incident particle inside the nucleus, which is very important 
information in the study of multiparticle production phenomena. This type of information 
is not possible by other techniques. 
Experimental investigation of the heavy ion collisions at high energies became 
possible only after the discovery of heavy nuclei (Z > 2) in the primary cosmic radiation 
by Freier [16,17] in 1948. This discovery provided an opportunity to discuss the nucleus-
nucleus collisions in detail. 
The interest in the study of nucleus-nucleus collisions was revived with the 
development of high-energy particle accelerators at high energies such as 
Synchrophasotron at Dubna (Russia) with energies upto 4.5A GeV, Alternating Gradient 
Synchro-phasotron (AGS) at Brookhaven National Laboratory in USA with energies up 
to 14.5A GeV and Super Proton Synchro-phasotron (SPS) at CERN in Geneva with 
energies up to 200A GeV. The improvements in the field of particle accelerators at 
relativistic energies made it possible to explore the various new possibilities including 
some exotic phenomena [3-5, and 18-20]. 
1.4 EXPERIMENTAL FACILITIES OF HEAVY ION COLLISIONS 
A systematic study of the relativistic nuclear collisions becomes possible with the 
availability of heavy ion beams at various energies. The details of the accelerators 
designed to provide high-energy heavy ion beams are given as: 
(I) Alternating Gradient Synchrophasotron (AGS), Brookhaven National 
Laboratory, USA 
(II) Super proton Synchrophasotron (SPS), CERN, Geneva 
(III) Relativistic Heavy Ion Collider (RHIC), Brookhaven National 
Laboratory, USA 
(IV) Large Hadron Collider (LHC), CERN, Geneva 
(V) Compressed Baryonic Matter (CBM) Experiment, FAIR, GSI, Darmstadt, Germany 
In collider machines two ion beams traveling in opposite directions are made to 
collide with each other, making all the kinetic beam energy available for producing 
secondary particles in the reactions. During this process, the nuclear matter can be 
studied under extreme conditions. If the energy density in the region of overlap between 
the colliding nuclei is high enough, the highly compressed matter may undergo a phase 
transition to a QGP. Over the past two decades, a variety of heavy atomic nuclei have 
been accelerated to ultra-relativistic velocities at Brookhaven National Laboratory (BNL) 
and European Centre for Nuclear Research (CERN). These nuclei range vary in 
comparison from '^O to ^°^Pb and in energy from lOA GeV to 200A GeV. The projectile 
energies at CERN and BNL which changes from 10 to 200A GeV are high enough that 
their interactions must be understood in terms of quarks. The other details and 
developments of the above mentioned accelerators are summarized in Table 1.1. 
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Table!. 1: Details of heavy ion accelerators described in terms of accelerated nuclei 
and available energy. 
S.N. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
Accelerators 
(Location) 
AGS, BNL 
(USA) 
SPS, CERN 
(Geneva) 
SPS, CERN 
(Geneva) 
AGS, BNL 
(USA) 
SPS, CERN 
(Geneva) 
SPS, CERN 
(Geneva) 
RHIC, BNL 
(USA) 
LHC,CERN 
(Geneva) 
CBM, FAIR 
(Germany) 
Projectile 
beams 
'^^ Si 
, 6 Q 
^^ S 
'^ ^Au 
208pj^ 
208pj^ 
'^ Vu 
208p^ 
235^ 
Energy/ nucleon 
(A GeV) 
14.6 
200 
200 
11.5 
160 
158 
100 
2700 
(2-45) 
Startup year 
1986 
1986 
1986 
1992 
1994 
1996 
2000 
2008-09 
The only operational heavy ion collider is the Relativistic Heavy Ion Collider (RHIC) 
[21] constructed at Brookhaven National Laboratory, is located in Upton, New York, 
USA. It is capable of colliding a wide variety of particle species from gold nuclei to 
polarized protons. RHIC is designed to accelerate the gold nuclei upto an energy of about 
100 GeV per nucleon in a ring of about 4 km circumference. It is expected that matter 
with an initial energy density of many GeV/fm^ may be produced in such a collider. 
RHIC experiments offer a unique opportunity - about the expected transition to a new 
phase of nuclear matter in which the quarks and gluons are no longer confined within 
nucleons and mesons. A hot gluon gas has never before been created and it is finally 
presumed that RHIC may offer first glimpse of such matter. Recently, the process of 
constructing the Large Hadron Collider (LHC) has reached to its last stage at CERN Lab, 
which is expected to become operational in December 2008-09 for °^*Pb - '^ "^ Pb collisions 
at 5.5 TeV/nucleon [19,22]. The LHC experiment is supposed to provide the first testing 
data for proton collisions at 14 TeV c. of m. energy. A proton beam has been successfully 
passed on September 10, 2008 and its collision will be recorded after around one month. 
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There will be one of the dedicated heavy ion experiment named "ALICI-"' (A Large Ion 
Collider Experiment), which will record '^"'Pb - '^"*Pb collisions. M L11C\ the gliion 
densities are predicted to be even greater. It is also expected that the quarks and anti-
quarks are produced very early in the collision and the number of produced particles in 
the final state is correspondingly higher. 
The FAIR, "Facility for Antiproton and Ion Research" [23], accelerators in 
Darmstadt at Germany will provide heavy ion beams upto Uranium (^ •"U) at beam 
energies from 2-45A GeV (for Z/A = 0.5) and upto 35A GeV (for Z/A = 0.4). The 
maximum proton beam energy is 90 GeV. The nucleus-nucleus collisions research 
program of the Compressed Baryonic Matter (CBM) experiment is to measure 
simultaneously observables that are sensitive to high-density effects and phase 
transitions. The aim of CBM experiments is proposed to focus on the search for: (i) in 
medium modifications of hadrons in super dense matter as signal for the onset of chiral 
symmetry restoration, (ii) a deconfinement phase transition at high baryon densities, (iii) 
the critical point providing direct evidence for a phase boundary and (iv) an exotic states 
of matter such as condensates of strange particles. 
In the CBM experiment, particle multiplicities and phase-space distributions, the 
collision centrality and the reaction plane will be determined. For example, the study of 
collective flow of charmonium and multi-strange hyperons will shed light on the 
production and propagation of these rare probes in dense baryonic matter. The 
simultaneous measurement of various particles permits the study of cross-correlations. 
This synergy effect opens a new perspective for the experimental investigation of nuclear 
matter under extreme conditions. 
1.5 COLLISIONS CHARACTERISTICS 
The collisions characteristics of high-energy heavy ion collisions can be explained 
with the help of the Spectator-Participant model [24], which is depicted in Fig. 1.2 [25]. 
The geometrical overlap of the colliding nuclei in a straight line trajectory approximation 
defines the participant part and also creates a volume of high temperature and density, 
while parts of nuclei lying outside the overlap region are the spectators move basically 
undisturbed through the collision. The size of the participating zone depends on the 
centrality of the collision, which can be measured by the impact parameter 'b'. The 
impact parameter 'b' is the transverse distance between the center of the two colliding 
nuclei, and the numbers of produced particles depend on it. Experimentally 'b' is not 
determined, and so experimentalists often refer to a centrality percentage. 
The centrality is experimentally determined by evaluating the particle production, 
known as multiplicity. A high multiplicity corresponds to a central event in a particular 
experiment. So investigations of large ensemble of events, one can define events within a 
given centrality percentage range. 
The salient features of collisions characteristics are as follows: 
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(i) The fragments of the parlitipanl region are emitted at all centre of mass (cm.) angles 
into all momentum range allowed by the kinematics in the P, /w/cand P, I inc plane in 
the cm. frame due to strong interaction between the nucleons of projectile and/or target 
in this region. Since the energy transfer involved there in much higher than the mutual 
binding energy of the nucleons, the fragments emitted from the participant regions are 
mainly particles like proton and/or pions. 
(ii) The projectile and target spectators are more likely to be emitted at [P; Imc, 
P,lmc) = (P'iproJ)/ A,0) and {P'(target)/ A, 0) respectively. Since very little 
momentum transfer is needed to form these fragments, the beam and target fragments are 
often nucleon clusters. 
Projectile - i - > 
Projectile 
h) 
M 
^ifijn 
Spectators 
Participant region 
Spectators w 
Fig. 1.2: A collsion between two heavy nuclei in the spectator-participant model. 
Present Fig has been take from Ref [25] 
(a) The two Lorentz contracted nuclei before the collision. The centrality is 
determined by the impact paratneter b. 
(b) After the collision a participant region take place with high temperature and high 
density. 
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1.6 THERMODYNAMICAL PROPERTIES 
The ultra-relativistic heavy ion collision experiments produce the events of high 
multiplicity of particles. In these collisions a statistical treatment of the system can be 
adopted. If thermal equilibrium is reached, the system can be characterized by 
thermodynamical observables, such as volume, temperature, energy density and entropy 
density. 
The expected space-time evolution of an ultra-relativistic heavy ion collision with 
and with-out QGP formation has been shown in Fig. 1.3 (a and b) [25]. In these figures, a 
collision between two heavy nuclei takes place at (Z, t) = (0, 0) where Z is the space 
coordinate along the beam axis and t is the time coordinate. The figures indicate the 
evolution of the system with QGP formation 1.3 (a), and without QGP formation 1.3 (b). 
The hyperbolae are constant proper time curves, where the proper time r = v/^ - Z " 
(c = l). 
At a time of the order I fm/c (~ 3x10'^'' sec.) after the collision, partons are created in 
the color dense region. This time is called the formation time. After a few fm/c the 
system has expanded so much, and the temperature has dropped to the critical value Tc 
(-150 MeV). If the phase transition occurs at this point, the system will stay in the mixed 
phase for 10 fm/c. The phase with hadron gas exists until the mean free path between the 
hadrons is large enough in order for interactions to cease. The hadrons will then stream 
out from the collision zone. This time is referred to as the freeze out time. The numbers 
of particles produced are related to the amount of energy in the collision zone [8 and 
references therein]. 
^ z 
(a) 
*- z 
Fig. 1.3 (a and b): A schematic representation of the evolution of the system with 
(a) QGP formation and (b) without QGP formation. Present Fig. has been taken 
from Ref. [25]. 
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1.7 FORMATION OF QUARK GLUON PLASMA 
When two very high-energy heavy-ions approaching each other at velocities near the 
speed of light proceed through a number of different stages are shown in Fig. 1.4 (a-d) 
[26]. In the first stage, the two colliding nuclei penetrate one another. The quarks and 
gluons constituent of nuclei collide and transfer a large amount of energy from the 
projectile to the vacuum between the two retreating nuclei. Theory predicts that such 
heating will create conditions comparable to these in the first millionth of a second after 
Big-Bang. This stage of the collision, lasting about 3 x lO'^'' sec, is short because of the 
relativistic contraction of nuclei moving nearly at the speed of light (Fig. 1.4 (a)). The 
two nuclei formed a hot region between them immediately following the collision (Fig. 
1.4 (b)). There will be fluctuation of the color field that governs the interactions of quarks 
and gluons produced in hot region of interaction. A number of interesting phenomena is 
expected to take place. 
In this process quark-antiquark pairs are produced due to color field and collision 
energy is converted into particles. Quarks and anti-quarks with very high density, as well 
as the exchange gluons will be building up due to the high temperature. The quarks 
should no longer be confined inside the normal particles at these high densities. Instead, 
they will roam freely over the hot zone, forming a quark-gluon plasma (QGP) [1, 13-16, 
18]. Photons and lepton pairs, such as electron-positron or muon-antimuon pairs are 
being radiated from the plasma shown in Fig. 1.4 (c). The strong force that exists among 
the quarks will not affect the production of leptons and photons as they escape from the 
quark-gluon plasma. 
After the formation of the quark-gluon plasma it cools and changes back to the usual 
hadronic phase of matter. Finally a large number of particles, primarily hadrons (baryons 
and mesons) are produced from the collision of two heavy nuclei. However the particles 
produced in such collisions are shown in Fig. 1.4 (d). 
1.8 SIGNATURES OF QGP 
The holy grail of ultra-relativistic heavy ion collisions is the discovery and 
characterisation of the Quark Gluon Plasma (QGP). It is difficult to find convincing 
evidence for a QGP phase transition, because we never see the bare quarks and gluons. 
Even if QGP is produced in an experiment, it subsequently hadronizes into the usual 
menagerie of hadrons. So we never get to directly see the QGP state, and can only hope 
to infer it's existence from indirect means. It is hoped that the transformation of hadronic 
matter is expected to leave some traditional signatures. Some of them are briefly outlined 
as below: 
(i) Photon production 
(ii) Strangeness enhancement 
(iii) J/4^ Suppression 
(iv) Di- lepton production 
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Fig.1.4: Four stages in the collision of two heavy nuclei, reading from top to 
bottom: initial approach, interaction through the color field, formation of a 
Quark -Gluon Plasma and radiation of photons and lepton pairs, and formation 
of hadronic matter. Present Fig. has been taken from Ref. [26]. 
Chapter -I Hi^h Enurgy Heavy Ion Collisions 
(v) Thermal radiation 
(vi) HBT 
(vii) Jet quenching 
(viii) Flow 
(ix) Event by event fluctuations 
(x) Intermittency 
1.8.1 Photon production 
Direct photon production is a special interest [27, 28] in QGP formation. The only 
way to get direct signatures from the QGP is to measure weakly (electromagnetically) 
interacting probes, which have already decoupled from the hot phase of matter. Direct 
photon emerged by thermal radiation from the heated matter without being altered by 
final state processes. In heavy ion collisions there are various sources for photon 
production. Hard parton scattering produces high-energy direct photons from hadron-
hadron collisions at large momentum transfer. The following elementary processes are 
involved in direct photon production: 
(i) QCD annihilation: qq -> g y 
(ii) QCD Compton scattering: qq —>• g y 
The direct photons are generally divided into prompt photons and thermal photons. 
The prompt photons are produced in the initial hard parton scatterings, while thermal 
photons are produced in the possible QGP phase and the hadron gas phase. An increase in 
the emission of thermal photons is expected from a QGP. There are other processes for 
the direct photon production: e.g. ;T° -> ; ' / and rj -> / / . The decay of the lightest 
mesons (;?-°and ;;) dominates the photon production. These sources of photons tend to 
obscure the signal of interest, the direct thermal photon originating from the QGP. 
1.8.2 Strangeness enhancement 
The strangeness content in a QGP is believed to be enhanced from that of normal 
hadronic matter [29]. In a QGP state there is a high concentration of u and c/quarks. The 
quarks are fermions and the creation of ww and dd pairs might be blocked due to the 
Pauli principle. Then the creation of ss pairs would be favoured in spite of their larger 
mass. 
An observed enhancement might however be explained in a purely hadronic 
scenario, where the abundance of strange quarks gradually grows in a chain of re-
scattering processes. This complication can be solved by studying particles not likely to 
be produced by hadronic re-scattering, such as A (consisting of uds ) and multi-strange 
baryons. The WA 97 experiment at the CERN SPS concludes that there is an 
enhancement and that it actually increases with strangeness content [30]. 
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1.8.3 JIH' suppression 
The J/1// suppression is a bound state of charm and anti-charm quarks cc . It is 
beHeved that the production of this resonance will be suppressed in a QGP [31], where 
the cc pairs is separated due to Debye screening of the color charges. When the plasma 
hadronizes the separated quarks will likely combine with u and ci quarks to open charm 
rather than J /i// . 
The NA50 experiment at the CERN SPS measured a decrease in the J/i^ 
production rate in central Pb-Pb collisions [32, 33]. Interpretations of J/i// suppression 
have to include the fact that it is possible also due to J /i// absorption in a dense hadronic 
medium. PHENIX has done a first measurement of J/i// production via decays of 
electron-positron pairs at midrapidity [34]. The statistics used in this analysis is however 
too low to make a conclusive statement about this signal. Results on high statistics 
measurements, both in the electron decay channel (at midrapidity) and in the muon decay 
channel (at forward and backward rapidities), are to be expected in the near future. 
1.8.4 Di- lepton production 
In the QGP, a quark and an anti-quark can interact via a virtual photon /' to produce 
a lepton and an anti-lepton r /"(often called dilepton). Since the leptons interact only via 
electromagnetic means, they usually reach the detectors with no interactions, after 
production. As a result, dilepton momentum distribution contains information about the 
thermodynamical state of the medium [35]. The reaction q + q -^T +1' is shown in the 
following diagram. 
The dilepton is characterised by a dilepton invariant mass squared, m^ ={l* -I ) \ a 
dilepton four momentum, p = {l* + /") and a transverse momentum, P-i = ( / * + / " ) . The 
production rate and momentum distributions of the quarks and antiquark in the plasma, 
which are governed by the thermodynamic condition of the plasma. Therefore, l* I' pairs 
carry information on the thermodynamical state of the medium at the moment of their 
production in high-energy nucleus-nucleus collisions. The possible formation of QGP is 
not only the source r I' pairs, there are other contribution to dilepton production. They 
are: 
(i) Drell-yan process 
(ii) Dilepton from hadron and resonances 
(iii) Dilepton production from the decay of charm particles 
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1.8.5 Thermal radiation 
Similar to dilepton production, a photon and a gluon can be produced via 
q + q -^ y + g. Since the electromagnetic interaction is not very strong, the produced 
photon usually passes to the detectors without any interactions after production. And just 
like dileptons, the momentum distributions of photons can yield valuable information 
about the momentum distributions of the quarks and gluons that make up the plasma, 
giving us a window into it's thermodynamical properties [36]. 
1.8.6 HBT 
The HBT means Hanbury-Brown-Twiss correlations, which is used to measure the 
diameter of a star [37, 38]. Also it is used in the experiments of high-energy nuclear 
physics for measuring the space-time (or energy-momentum) correlation of identical 
particles emitted from an extended source. In ultra-relativistic heavy ion collisions the 
HBT measurement can yield information about size and the matter distribution of the 
source. 
1.8.7 Jet quenching 
The propagation of partons through a hot and dense medium modifies their 
transverse momentum due to induced radiative energy loss, a phenomenon called Jet 
Quenching [39, 40]. In hard scattering experiments two jets occur near the edge of the 
nuclear overlap region, jet quenching might lead to complete absorption of one of the 
jets, while the other escapes. This signature can be found by the studying the number of 
correlated jets at different angular separations. 
1.8.8 Flow 
Two heavy nuclei can be compressed to more than ground state saturation density 
and heated in head-on collisions at high energies. In these collisions the created particles 
push to each other away from the hot collisions regime, they acquire a flow velocity 
pointing towards the outside vacuum. Their momentum increases and the transverse 
momentum distribution is altered. Since this flow build up throughout the evolution of 
the system, characterizing its properties may give information on both the partonic and 
the hadronic stages [41,42]. 
1.8.9 Event by event fluctuations 
Fluctuations depend on the properties of the system and may carry significant 
information about the intervening medium created in the heavy ion collisions. Underlying 
dynamics of multiparticle production in relativistic nuclear collisions can be well 
understood by studying presence of fluctuations in these collisions. 
Dynamical fluctuations may arise due to some physical processes taking place in the 
collisions. As an after effect of the formation of QGP, the multiplicity and pseudorapidity 
distributions of the secondary particles may show large dynamical fluctuations in some 
events. An event-by-event analysis of fluctuations will surely help in separating 
dynamical and statistical fluctuations. Experimental and theoretical understandings and 
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informalion are merging together to relate the fluctuations with phase transition of the 
confined hadronic matter to QGP. Ihe power law behaviour of modified multifractal 
moments (Gq-moments) on bin size is known as "multifractality", which can predict the 
existence of dynamical fluctuations. Evidence of power law behaviour in experimental 
data of e V annihilation [43], |.i-nucleus [44], hadron-hadron [45], hadron-nucleus and 
nucleus-nucleus [46 - 48] collisions have been found. 
1.8.10 Intermittency 
Intermittency is used to understand the production mechanism of relevant particles in 
high-energy nuclear collisions and its understanding is highly desired to explore the 
reaction dynamics of QGP formation. The existence of intermittency also implies to scale 
invariance properties and it has been pointed out that it resembles the signature of a phase 
transition from QGP to hadronic matter formation. On the other hand intermittency is a 
way for extracting out the chaotic aspects of a given distribution function. Bialas and 
Peschanski [49] first suggested a suitable method known as scaled factorial moments 
(SFMs) for the calculation of considering dynamical fluctuations and/or intermittency 
with out bias from statisfical ones, hence it is appropriate to analyze the characteristics of 
the fragment distribution. 
The scaled factorial moments are independent of Sr], if r|-distribution is smooth, but 
follow the power law <Fq> oc 5r|'*'' if the distribution is fractal. The intermittency 
exponents are expected to behave like, l/<n>, n being the number of collisions. However, 
if QGP were formed when a critical number nc of collisions were reached, a departure of 
the nc behaviour should be expected. Such behaviour may be studied in terms of the Dual 
Parton Model (DPM) [50] calculations. Reviews on the present status of experimental 
and theoretical studies of intermittency in high-energy physics are given in [51]. 
1.9 NUCLEUS - NUCLEUS COLLISIONS 
Recently it has been emphasized that there is immense interest in the study of heavy-
ion collisions with nuclei, which provides a suitable technique for the study of the multi-
particle production and nuclear fragmentation processes. It is now well understood that 
the relativistic nucleus-nucleus collisions at high energies acquired the central interest 
only when it was realized that the multi-particle production in high-energy nucleus-
nucleus collisions might provide information about the mechanism of multi-particle 
production in the nucleon-nucleon collisions as well. This can be explained on the basis 
of the de-Broglie wavelength of the projectile nucleons in the high-energy and low 
energy regions respectively. The value of the de-Broglie wavelength of the incident 
nucleons is found to be shorter than their inter-nucleon distance (~ 1.8 fm) inside the 
nucleus in high-energy region (i.e. > 2A GeV). Under this condition the projectile 
nucleons inside the target can be considered to be the basic constituents rather than the 
whole target nucleus itself and the projectile nucleons can recognize the individual target 
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nucleons. On the other hand in low energy region, the de-Broghe wavelength of the 
projectile nucleons is comparable to the size of the whole nucleus. This implies that the 
whole target nucleus becomes a basic constituent as seen by the incident beam, which 
could lead to the formation of the compound nucleus. Thus, the high-energy nucleus-
nucleus collisions can be regarded as the superposition of the nucleon-nucleon collisions. 
The heavy ion collisions may further be divided into two regions: (i) Stopping region 
and (ii) Transparent region [8, 52]. 
Stopping region: It is also known as "baryon rich quark- gluon plasma region"; with 
centre of mass energy 5-10 GeV per nucleon where the baryons from the target and 
projectile are fully or partly stopped in the middle of the reaction zone. Thus these 
reactions provide a clue to study baryon rich matter, which is known as a confinement 
state of matter (QGP). 
Transparent region: It is also known as "baryon free quark-gluon plasma region"; with 
centre of mass energy ^ls -^ \ 00 GeV or 10 times energy of stopping region. In this 
region baryons from the projectile and target do not slow down completely in the reaction 
zone and zone appears to be transparent. 
It is believed that in the relativistic region, heavy ion collisions follow almost 
complete stopping, whereas transparency is expected to start in the ultra-relativistic 
region. 
1.9.1 Types of nucleus-nucleus collisions 
From the geometrical point of view, the types of nucleus-nucleus collision at high-
energies depend on the value of the impact parameter. So on the basis of the impact 
parameter, the heavy ion collisions are categorized into three different groups: peripheral, 
quasi-central and central collisions. 
If /?, and /?2 represent the radii of projectile and target nuclei respectively and b be 
the impact parameter, then three types of collisions in terms of the impact parameter are 
defined as: 
(i) In the peripheral collisions the criteria of the impact parameter is 
The centres of the two colliding nuclei are well separated in peripheral collisions. In such 
collisions only a small momentum transfer between the two nuclei takes place. In these 
collisions, one or both of the nuclei disintegrate through a fragmentation process giving 
rise the projectile nucleus and target nucleus fragments [53]. The processes are illustrated 
in Fig. 1.5 (a) [54] by the pseudorapidity distribution of projecfile fragments (PF) and 
target fragments (TF), which are well separated at relativistic energies. The fragments of 
the projectile are emitted within a narrow cone, while the target fragments are nearly 
isotropically distributed in the lab system. 
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Fig. 1.5 (a-c): A schematic diagram of collision geometry and pseudo-rapidity 
distributions in heavy ion nucleus-nucleus collisions at high energy. Present Fig. has 
taken from Ref. [54] 
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(ii) Quasi-central collisions have the criteria of the impact parameter as: 
{R,+R,)>b>\{R,-R,)\ 
In this type of collisions, a nucleon of projectile is no longer a spectator, but it takes part 
in the reaction, and is scattered into the rapidity space between projectile fragmentation 
regions (PF) and target fragmentation regions (TF). Some time such collision is also 
called as central collisions, where projectile and target nuclei are close to each other. 
These two collisions could be also understood on the basis of number of nucleons taking 
part in reaction. Therefore in quasi-central collisions the whole of the kinematically 
allowed rapidity space is available for the produced particles Fig. 1.5 (b) [54]. 
(iii) The simplest definition of central collisions is: 
Q<b<\{R,-R,)\ 
i.e., both nuclei overlap totally and the value of the impact parameter could even reach to 
zero Fig. 1.5 (c) [54]. When /?, < 7?, > every projectile nucleus fragmentation process is 
highly forbidden, i.e., the rapidity space available for the produced particles is almost 
limited between projectile fragmentation region (PF) and target fragmentation region 
(TF) Fig. 1.5 (c). The central collisions are most violent and complex in nature. 
If R^ ~ Rj, the cross-section for the total overlapping will be very small [55]. The 
probability for the central collisions is zero, if, /?, = /?, • This characteristic of central 
collision is based purely on geometrical definition. Due to this reason different 
definitions are considered for central collisions. 
1.10 ORGANIZATION OF THE THESIS 
In the above scenario, the present research work is based on the nuclear collisions in 
the interactions of Si ions as projectile with nuclear emulsion as a fixed target at the 
energy of 14.6 GeV per nucleon. This study investigates the mechanism and collision 
geometry of multiparticle production in nucleus-nucleus collisions. An ''introduction to 
high-energy heavy ion collisions" has been given in Chapter I. Details about the 
emulsion stacks used, scanning procedure, method of classification of tracks of secondary 
particles, criteria used for selecting events, method of measuring emission angles and 
ionization, etc., and theoretical models also are presented in Chapter 2. 
In Chapter 3, fascinating results on "study of general characteristics of heavy ion 
collisions at relativistic energies" have been described to extract the valuable 
information about the mechanism of multiparticle particle production. These results are 
mean free path, interactions with different targets, multiplicity distributions of various 
type of charged particles produced in such collisions, scaling of grey particle multiplicity, 
mean multiplicity of charged secondaries, dependence of mean multiplicity on target 
mass and several types of correlations among the various charged secondaries. 
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On the other hand some interesting results on the angular eharacleristics o'( these 
particles have been described in terms of angular distributions, pseudorapidity 
distribution and rapidity gap distribution. The different results have been compared with 
other results on nucleus-nucleus and hadron-nucleus collision in order to find the 
dependence of various parameters on projectile and target mass. Beside these, the scaling 
of multiplicity distributions of relativistic shower particles and slow particles produced 
has also been studied in order to check the validity of KNO-scaling. A simplified 
universal function has been used to represent the experimental data. And finally 
multipiicity correlations in terms of maximum fluciuaXion have been aJso discussed. 
In Chapter 4, a significant statistical study on ^'fractal behaviour of target fragments 
(i.e., grey and black particles) in the interactions of' Si-Em collisions at 14.6A GeV has 
been studied in cos 9 phase-space. The existence of non-statistical fluctuations using the 
method of scaled factorial moments (SFMs) and multifractality using the method of 
modified multifractal moments, G,^ , have been observed in the present study for target 
fragmentation region. In both the cases, anomalous fractal dimensions, d^^, calculated by 
F^ and G^ moments are seen to increase linearly with the order of moments, q, thereby 
indicating the association of multifractality with production mechanism of both grey and 
black particles. The behaviour of generalized fractal dimensions, D^, with the order of q 
is also investigated. Some interesting conclusions regarding multifractal specific heat and 
the occurrence of non-thermal phase transitions are also presented in target fragmentation 
region. A remarkable scaling law nature has been observed for higher order factorial 
moments. Finally, an important exercise has been made regarding the erratic fluctuations 
in target fragments for the presented data. 
In Chapter 5, ''some observations related to intermittency and multifractality in Si-
Em collisions at 14.6A GeV has been presented using the methods of Takagi moments 
T^, scaled factorial moments (SFMs), F,^ , and modified multifractal moments, G^. The 
dependence of these moments on the number of bins M is found to follow power law 
behaviour for the experimental data in pseudorapidity phase space. This study has been 
performed in different Ng intervals and compared with ultra-relativistic quantum 
molecular dynamics (UrQMD) model and also with uncorrelated Monte Carlo generated 
(Mc-RAND) events. The calculated values of anomalous fractal dimension, d^, and 
generalized dimensions, D^, using all the multiplicity moments T^, G^ and F^, indicate 
the existence of multifractality and a self-similar cascade mechanism in multiparticle 
production. The multifractal Bernoulli representation D^^ on ln{q/(q-\)}is found to 
support the linear dependence and used to the values of the multifractal specific heat, c, 
calculated using T^, F^ and G,^  -moments. Some consistency seems to be observed in the 
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values oF the specific heal obtained from Takagi method. Finally, non-thermal phase 
transitions have been studied using only F -moments in different number of bins M, 
which conclude that our data do not support the existence of non-thermal phase 
transitions. 
The ''Existence of Levy stability and intermittent behaviour in multi-dimensional 
phase spaces in Si-Em interactions at 14.6A GeV^ has been investigated in Chapter 6. 
These data have been analysed in terms of intermittency and fractal properties. The 
experimental results are compared with the predictions of Monte Carlo model (Mc-
RAND) and the string hadron model, UrQMD. It is observed that scaled factorial 
moments (SFMs) related to the intermittency phenomenon, with varying phase space 
resolution have been evaluated. 
In dynamical fluctuation, F,^  moments are supposed to increase with decreasing 
phase space size and exhibit a power law behaviour, which confirms the presence of 
intermittent behaviour in pseudorapidity and azimuthal phase spaces respectively. The 
weak intermittency effect observed experimentally can not be fully explained in 77-space 
and azimuthal angle (f) -space separately by UrQMD, whereas, the analysis of the data 
gives a strong signal of intermittency effect in two dimensional T](p -phase space. The 
results on the MC simulated events can not be reproduced by UrQMD model used. 
The values of a^, show a strong dependence on mean multiplicity for shower 
particles, whereas fi^ are independent of mean multiplicity in one and two dimensional 
phase space. The ratios of higher order and second order anomalous fractal dimensions 
d^i expressed in terms the Levy stable law gives an evidence of self-similar cascading 
mechanism responsible for multiparticle production. The experimental data within 
different Ns-intervals fulfill the requirement of the Levy stable region (0 < // < 2). 
Moreover, the value of universal scaling exponent {v) indicates that no clear evidence of 
second-order phase transition has been found in the interactions. The Renyi dimensions, 
D^, and multifractal spectrum, f{a^), are determined in accordance with the Levy 
stable theory. Finally, erraticity analysis of the experimental data on 14.6A GeV ^*Si-Em 
collisions is carried out. The behaviour of C^^, moments can be probe the dynamics 
more deeply than the multiplicity distribution and the normalized factorial moments. 
Based on the findings of the present experimental investigations, brief conclusions 
are reported in Chapter 7. 
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Chapter -2 
Experimental Technique and Theoretical Models 
2.1 INTRODUCTION 
In the present work, the photographic nuclear emulsion has been used as a detector to 
extract information on the production of particles produced in high-energy hadron-
nucleus (h-A) and nucleus-nucleus (A-A) collisions. The Nuclear emulsion is a sensitive 
detector, which is used to record and store the informations permanently about the 
charged particles and provides vital informations regarding the number of encounters 
made by incident particle inside the nucleus. Due to its unique spatial and ionization 
resolution, rare events can be detected even in the presence of high backgrounds. The 
tracks of the particles with different ionizing powers appear quite different in emulsion 
due to its unique properties. So it can resolve events even separated by few microns. The 
emulsions have high density and high stopping power, which is about 1700 times more 
than that of the standard air [1]. Moreover, it is also called a global 47r-detector due to its 
special features of examining in detail about the nuclear interactions and possesses a very 
high spatial resolution (~ 0.1 mrad.) as compared to all other detectors currently used in 
high-energy physics [2-3]. Because of these advantages, nuclear emulsion is used as a 
very effective detector for studying the multifractal behaviour of multiparticle production 
at high-energy A-A collisions further discussed in chapters 4 and 5 respectively. 
2.2 COMPOSITION OF NUCLEAR EMULSION 
Nuclear emulsion is a heterogeneous mixture of following components [4-6]: 
1. Silver halide:- It is mostly bromide with a small admixture of iodide. 
Whenever a charged particle passes through nuclear emulsion, some of the halide grains 
are modified in such a way that when they are immersed in a reducing agent called 
developer, are turned into black silver grains. 
2. Gelatine:- which serves the purpose of matrix material for emulsion and a plasticizer, 
such as glycerine. 
3. Water:- which keeps it moist and prevents it from peeling off 
The gelatine of emulsion serves not only as a suspending medium for AgBr phase, but it 
also coats and protects the surface of grains. The glycerine, which is used as plasticizer, 
prevents the brittleness of the emulsion. The chemical composition [7] of the emulsion 
can be summarized as: 1% hydrogen (H), 16% Carbon-Nitrogen-Oxygen (CNO) and 
83% Silver-Bromide (AgBr). The percentage of interactions in emulsion with H, CNO or 
j j ^ j i i i ^ 
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AgBr group of nuclei depends, however on the energy and identity of the incident beam. 
The average mass number, < A>, of the different groups of nuclei may be obtained by; 
giving the values of mean mass < A> equal to 1, 14, 70 and 94 respectively for H, CNO, 
emulsion and AgBr groups of nuclei. The average composition of standard emulsion in 
terms of the number of atoms A^ , per c.c. or mole per c.c. for the element of atomic 
number Z, and atomic weight A, are given in Table 2.1 [8]. 
Table 2.1: The average chemical composition of standard emulsion. 
S.N. 
1 
2 
3 
4 
5 
6 
7 
8 
Elements 
Ag 
Br 
I 
S 
0 
N 
C 
H 
Zi 
47 
35 
53 
16 
8 
7 
6 
1 
Ni(X10'") 
101.1 
100.41 
0.56 
1.35 
94.97 
31.68 
138.3 
321.56 
Ai 
108 
80 
126.93 
32 
16 
14 
12 
1.01 
Mole/c.c. (XIO'^ ) 
16.764 
16.673 
0.094 
0.216 
16.050 
5.147 
22.698 
53.571 
2.3 ENERGY LOSS BY CHARGED PARTICLES PASSING 
THROUGH MATTER 
When a charged particle interacts with the electron of the matter, it looses energy 
through the following processes. 
2.3.1 Radiation Loss 
(i) Bremsstrahlung 
(ii) Cerenkov Radiation 
(i) Bremsstrahlung: Radiation produced when a low mass particle such as electron 
passes through the field of atom or nucleus is called Bremsstrahlung. The radiation loss 
due to it is proportional to the square of the acceleration of a charged particle of mass M. 
It has a continuous energy spectrum. 
(ii) Cerenkov Radiation: The radiation occurs only when the velocity of the particle 
traversing the medium is large in comparison with the velocity of light in the medium. 
Thus the radiation loss is hardly of any importance in our experiment, as they do not play 
significant role for particles with which we are concerned. 
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2.3.2 Collision Loss 
A charged particle moving through matter transfers energy to the atomic electrons 
through the electromagnetic interaction. The electrons are thus raised to higher energy 
levels of the atoms. If the electron gets sufficient energy so as to get ejected from the 
atom, the latter is said to be ionized. If the energy acquired by the electron is not 
sufficient to cause the ionization, it remains in an excited bound state. 
In either case, the increased energy of the electron is taken from the kinetic energy of 
the incident particle. 
The rate of loss of energy per unit path length due to inelastic collisions of a fast 
charged particle with atomic electrons was calculated by Bohr [9], using the classical 
theory. The following expression for the energy loss per unit path length has been 
obtained by Livingston and Bethe [10], using quantum mechanical treatment. 
dE 
dX 
AKZ'C'N 
J uM mv 
Z log-
1 2 
imv 
-P'\-c, (2.2) 7(1-/?^) 
where Ze and v respectively represent the charge and the velocity of the particles, Z is 
atomic number and A'^  is number of atoms per c.c. of material medium, I represents the 
mean ionization of the atoms of the medium, m is mass of the electron, P -vl c and Q 
is a correction term required only if v is comparable with k shell electron velocities of 
the stopping material atoms but large with respect to those of other orbital electrons. 
The above relationship derived from homogeneous media when applied to the nuclear 
emulsion, by summing over the various atomic species present, may be written as: 
y u>ii 
AKZ^C'N 
mv 
Z .^ Z, log- 2/wv P'\-c, (2.3) 
where TV, is the density in the emulsion of atoms of atomic number Z, and ionization 
potential 7,. Eqn. (2.3) is widely used for identification of particles in all the visual 
detectors due to its strong dependence of energy loss on charge and ionization potential 
2.4 IONIZATION 
A charged particle traversing matter interacts with the atomic electrons of the 
medium and imparts a part of its energy to the electrons. If the energy transferred to an 
atomic electron is more than the ionization potential of the atom, the electron is liberated 
and the atom is said to be ionized. This process makes the halide grains developable, 
which on emerging in a reducing bath, called the "developer", are turned into grains of 
silver, recognized by their black colour. The chain of black grains in emulsion pellicles 
represents the path of the ionizing particle. 
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2.4.1 ionization Measurement 
The ionization caused by a particle can be determined by any one of following 
methods on the track of a particle, 
(i) Grain - density 
(ii) Blob - density 
(iii) Blob and gap densities 
The above mentioned methods have been used in the present experiments. 
2.4.1.1 Grain Density 
The grain density is defined as the number of grains per unit path length. The density 
of the developed grains depends on the charge and velocity of the particle, which is a 
function of ionization loss of that particle. However, it is observed that the grain density, 
g, is affected by the degree of development of emulsion. Therefore, in order to obtain 
accurate value of ionization a parameter known as specific ionization (g = g/go) is 
obtained by dividing it with the grain density on a track of a relativistic single charged 
particle lying in the same region of emulsion. The grain density, g*, is proportional to the 
ionization loss per unit length, that is, 
gordNldr ^ -dEldX KZ- I p^ fiP) (2.4) 
The above equation for singly charged particle (Z = 1) reduces to 
g^Mp'fiP) (2.5) 
Hence some idea about the velocity of the particle can be obtained by the 
measurement of grain density. 
The variation in ionization with depth of a relativistic particle was made as follows. 
In different regions of the plates large number of singly charged particles lying at various 
depths of the nuclear emulsion in the most forward direction were selected and their grain 
densities, go were obtained by counting at least 1000 grains on each shower track. The 
variation in grain densities (Number of grains per unit length) with different regions of 
the plate in different layer of the emulsion was found to be negligible. 
2.4.1.2 Blob Density 
When the velocity of a particle is not too high, some of the grains in the tracks are 
clogged together and form blobs. It then becomes difficult to count the number of grains 
accurately, because the true number of grains is uncertain. In such cases, the number of 
individually resolved grains or blobs is counted. This method is known as 'blob counting' 
and has its application to a limited range of ionization. 
2.4.1.3 Blob and Gap Densities 
A charged particle with small velocity produces more ionization and in this condition 
the grains are frequently formed close together. Thus the exact counting of grains 
becomes very uncertain. In such condition, blob and gap method is commonly used for 
determining the ionization. 
Chapter - 2 Expcrimenlal Tt'chnique ami Theoretical Models 28 
The method is based on the observations by O'Ceallaigh [11J that, over a hmited 
range of ionization, the lengths of the gaps (defined as the distance between the inner 
edges of two consecutive blobs) occurring in the tracks of ionizing particles in emulsions 
show exponential distribution of the form: 
H{L) = Be-'' (2.6) 
where H{L) denotes the density of the gaps having lengths greater than 1 and B is the 
blob density. The coefficient, g, in Eqn. (2.6) has been shown by Fowler and Perkins [12] 
to give a good measure of the ionization caused by the particle. They also observed that 
the value of g/go, where go corresponds to the ionization of a relativistic singly charged 
particles, is practically independent of the degree of development of the emulsion and it 
was suggested that the parameter g may be taken to be the most useful parameter for 
measuring the ionization caused by a particle. Fowler and Perkins [12] have also 
suggested the following method for finding the value of g. If //, and Hj respectively 
represent the number of gaps of lengths greater than /, and Ij per unit length of the track, 
then the value of g may be given as: 
R = log 
'2 M 
(2.7) 
2.5 TRACK FORMATION IN NUCLEAR EMULSION 
A charged particle moving through emulsion gradually loses its energy owing to its 
electromagnetic interactions with the electrons of the atoms of the medium around its 
path. Consequently, the energy of the atomic electrons increases and they are raised to 
excited energy states, which may result into ionization of the atoms, in such a fashion, 
that on immersing in the reducing bath (developer) they are turned into grains of metallic 
silver, which appear to be black grains. The extended path of a charged particle appears 
as a series of grains and is called 'track'. The characteristics of a track such as ionization, 
range, S -rays, etc., depend on the identity and energy of the particle producing it. 
The production of relativistic charged shower particles (/? > 0.7) and grey particles 
(0.3 < P> 0.7) in the interaction of high energy projectile in nuclear emulsion occurs in 
a very short time after the impact of the projectile, whereas, large number of nucleons 
and other heavy fragments are emitted due to the de-excitation of residual nucleus which 
remains in an excited state for a long time on the nuclear scale. Generally the particles 
emitted in this process known as evaporation are classified as black tracks {P < 0.3). In 
addition to the above mentioned particles some non-interacting projectile fragments are 
also produced along the direction of the projectile into singly, doubly and multiply 
charged fragments. 
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2.6 EXPERIMENTAL DETAILS 
In this part of the chapter we are going to describe the details of the stacks and 
experimental procedure adopted in the present investigation. 
2.6.1 Stack Used 
In the present study two stacks of FUJI type emulsion with printed grid on air-
surface and exposed horizontally to a 14.6A GeV silicon beam at the Alternating 
Gradient Synchro-phasotron (AGS) of Brookhaven National Laboratory (BNL), 
NewYork, USA, have been utilized for the data collection. The dimensions of stacks 
used are the order of 16 x 10 x 0.06 cm^ and the quality of beam in terms of nature of 
incident beam flux is the order of ~ 3.0x10^ ions/cm . 
2.6.2 Scanning Procedure 
An interaction event in the emulsion is recognized as STAR due to its characteristics. 
The process of searching the recorded events in nuclear emulsion is known as 'scanning'. 
In the present work, the method of line scanning has been used to pick up 
interactions (stars) using the JAPAN made NIKON (LABOPHOT and TC-BIOPHOT) 
microscopes with 8 cm movable stage using 40X objectives and lOX eyepieces. In this 
method the beam tracks were picked up at least 3 mm from the entrance edge of the 
pellicle to eliminate the distortion effects. The primary interactions based upon the 
following criteria were selected as: 
(i) The beam flux should be uniform and not very large. 
(ii) Beam should not be dipping, so that it may traverse considerable length in an 
emulsion plate. 
(iii) Length of the pellicles should be considerable large. 
(iv) The mean direction of the primaries was kept along the X-axis of the microscope 
stage. The projected angle, 6^, with respect to the mean direction and angle of dip, S^, 
of the incident primaries were measured. The tracks with ^^< 2°, S^ < 0.5° and having 
minimum ionization were accepted as primaries due to beam particles. 
(v) In order to facilitate the measurements, the stars which were produced with in 35 }im 
from the top or the bottom surfaces of the emulsion have been excluded from the 
analysis. 
(vi) The tracks were also followed back in order to make sure that the events were due to 
genuine primaries. 
In order to facilitate various measurements, the interaction events were examined 
under a total magnification of 10x100 using lOX eyepieces and lOOX oil immersion 
objective. 
2.6.3 Classification of Charged Secondary Tracks 
The tracks associated with the interactions are classified in accordance with their 
ionization, range and velocity into following groups [13-15]. 
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2.6.3.7 Shower Tracks 
The tracks having specific ionization g*(= g/go) < 1.4 and relative velocity (i > 0.7 
are taken as shower tracks, where go is the Fowler and Perkins parameter for plateau 
ionization of relativistic particles. The number of such tracks in an event is represented 
by 'Ns'. Shower tracks producing particles are mostly pions, with small admixture of 
charged K-mesons and fast protons with energy range E > 400 MeV. 
2.6.3.2 Grey Tracks 
The secondary tracks having specific ionization in the interval 1.4 < g < 10 are 
known as grey tracks. The numbers of such tracks in a star are designated by 'Ng'. This 
corresponds to protons with velocity in the interval 0.3 < /? < 0.7 and range > 3.0 mm in 
emulsion. Grey tracks are associated with the recoiling protons and have energy range 
(30-80) MeV. The sum of the number of grey and shower tracks in such an interaction is 
known as compound particle multiplicity and their number in a collision is represented by 
Nc = Ng+Ns. 
2.6.3.3 Black Tracks 
The secondary tracks having specific ionization g > 10 are classified as black tracks, 
which is represent by 'Nb'. This corresponds to protons of relative velocity j3 < 0.3 and 
range in emulsion R < 3.0 mm. The particles producing black tracks are mainly the 
fragments emitted from the excited target. This ionization corresponds to protons with 
energy range < 30 MeV. 
2.6.3.4 Heavily Ionizing Tracks 
The black and grey tracks taken together are termed as heavily ionizing tracks. Thus 
these tracks correspond to g' > 1.4 or y5 < 0.7. Their number in a star, A'* = (Nb+Ng) is a 
characteristics of the target. 
In order to correct for any possible loss of the very dipping tracks in the experiment, 
only those heavily ionizing particles have been considered for average multiplicity 
calculations which are having ^^ < 30° and a geometrical correction factor K has been 
attached to each heavily ionizing particle with 6j < 30° such that 
K=l,whenl50°<^,<30°, 
Otherwise, 
^ ^ /2Sin-'{Sm30°/Sine,) 
where 0^ is the space angle of the track with respect to the beam. 
The total number of charged particles produced in an interaction is denoted by Nch -
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2.6.4 Projectile and Target Fragments 
The investigations ot'the projectile and target fragmentation regions througii nucleus-
nucleus collisions at high energies have very much interest in the nuclear emulsion 
experiments. The difference between the projectile and the target fragmentation regions is 
easily made such as: 
2.6.4.1 Projectile Fragments 
The projectile fragments corresponding to the spectator part are distinguished by 
being in a narrow forward cone. The angle of this cone is 0;^,^ < 3°, while the produced 
particles and rescattering protons have a much broader distribution. The projectile 
fragments have almost the same velocity as that the velocity of incident beams. 
In other words a peripheral collision only a part of the projectile nucleus is directly 
involved in the collision. Therefore, the projectile nucleus breaks up into singly charged 
fragments, neutral particles and also into multiply charged fragments. During data 
analysis these fragments have also been grouped into doubly and multiply charged 
fragments based on the following criteria: 
Doubly charged PFs (Z = 2): The particles having g* ~ 4 with no change in ionization 
along a length of at least 2 cm from the interaction vertex and having an angle of 
emission 0 < 4 . 
o 
Multiply charged PFs (Z > 3): The particles with g* > 6, 9 < 4 and without any change 
in ionization along a length of at least 1 cm from the vertex have been put under the 
category of multiply charged PFs (Z > 3). 
2.6.4.2 Target Fragments 
The target fragments are observed as highly ionizing particles, isotropically 
distributed. They can be black particles, which are essentially evaporation fragments 
from the target, or grey particles, which are knockout protons or slow mesons. Target 
fragmentation is sometimes called palliation. The velocity of the target fragments in the 
laboratory frame is almost zero. 
Note:- It is needless to mention that the above cited charged projectile fragments do not 
include the grey and/or black tracks producing particles since those are considered as 
target fragments. 
In order to eliminate all the possible backgrounds due to y overlap (where a y from a 
n decay converts into e"^  e~ pair) close to shower tracks near vertex, special care was 
taken to exclude such e^ e~ pairs from the primary shower tracks while performing 
angular measurements. Usually all shower tracks in the forward direction were followed 
more than 100 - ZOO^ im from the interaction vertex for angular measurement. The tracks 
due to e"^  e" pair can be easily recognized from the grain density measurement, which is 
initially much larger than the grain density of a single charged pions or proton track. It 
may also be mentioned that the tracks of an electron and positron when followed 
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downstream in nuclear emulsion showed considerable amount of Coulomb scattering as 
compared to the energetic charged pions. Such e* e~ pairs were eliminated from the data. 
2.7 TARGET IDENTIFICATION 
The exact identification of target in emulsion experiment is not possible since the 
medium of the emulsion is heterogeneous and composed of H, C, N, O, Ag and Br nuclei. 
The events produced due to the collisions with different targets in nuclear emulsion are 
usually classified into three main categories on the basis of the multiplicity of heavily 
ionizing tracks in it. Thus, the events with Nh< 1, 2 < Ni, < 7 and Nh > 8 are classified as 
collisions with hydrogen (H, Ay = 1), group of light nuclei (CNO, < A, > = 14) and 
group of heavy nuclei (AgBr, < A, > = 94) respectively. 
However, the grouping of events only on the basis of Nh values does not lead to the 
right percentage of events of interactions due to light and heavy group of nuclei. In fact, a 
considerable fraction of stars with Nh < 7 are produced in the interactions with heavy 
group of nuclei. Therefore we have used the following criteria [14, 16]. 
AgBr events: 
(i) Nh >7, or 
(ii) Nh < 7 and at least one track with rang R < 10 fim and no track 
with 1 0 < R < 5 0 n m 
CNO events: 
(i) 2 < Nh < 7 and no track with R < 10 |im. 
H events: 
(i)Nh=0,or 
(ii) Nh = 1, and no track with R < 50 )am. 
2.8 ANGULAR MEASUREMENTS 
2.8.1 Projected Angle 
To measure the space angle of a track with respect to the primary direction, its 
projected angle {6,,) in X-Y plane (i.e. plane of emulsion) with respect to the primary 
direction was measured. The projected angle was directly measured with the help of 
goniometer of microscope having a least count of 0.25° under high magnification power. 
The vertex of the star (event) was focused at center of crosswire of goniometer and then 
the secondary tracks were aligned one by one with the other reference line and the 
goniometer reading was taken for the projected angle 9? with respect to the forward 
direction of primary particle. 
2.8.2 Dip Angle 
The angle between the directions of emitted particle with X-Y plane is known as dip 
angle and represented by 9j. If AZ is the difference between the Z-coordinate at two 
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points on the track separated by a distance AX, then the dip angle 0^ of a track m the 
unprocessed emulsion was calculated and the dip angle is generally written as: 
0,={2in''{S.Fx^Z)I^X (2.8) 
where S.F is the shrinkage factor of the emulsion, which is defined as the ratio of the 
thickness of unprocessed to the processed emulsion. The shrinkage factor for the present 
emulsion stacks is about to 2.1. 
2.8.3 Space Angle 
The angle of emission of a particle is determined by finding the space angle ( ^ J of 
the corresponding tracks with respect to the primary. Since the direct measurement of the 
space angle is not possible, therefore knowing the projected angle {9,,) and the dip angle 
{0j ) of particular track, one can easily determines its value by the following relation [1]: 
^^ =cos"'[cos^y, xcos6',,] (2.9) 
However, if the angular separation between the tracks in the forward cone is very 
small, then it becomes difficult to measure the 0^ and 6j directly due to overlapping of 
the tracks. In such cases, the coordinate method was used. In this method the primary of 
an event is aligned along the X- motion of the microscope. The (X,Y,Z) coordinate of the 
vertex of the given event is measured as (Xo,Yo,Zo). The stage is moved by a known 
distance and the (Xi,Yi,Zi) coordinates of a point on those particular tracks are measured. 
Knowing AX, AY and AZ, the projected and dip angles are found using the relations: 
e, = ^ -{%] (2.10) 
9j = tan" ^ ^ • ^ • ^ ^ (2.1.) 
AA' ) 
The errors in space angle using this method is small due to accurate measurement of 
position coordinates (X,Y,Z). The uncertainty in the measurement of space angle, 9^, is 
-4x10"^ radians. 
2.8.4 Azimuthal Angle 
In order to study the intermittency, multifi-actality, anisotropic flow and other related 
phenomena in relativistic nuclear collisions in two dimensions, the measurement of 
azimuthal angle is taken into account. This is the angle between the projections of 
secondary track in the Y-Z plane with respect to Y-axis. The azimuthal angle, ^ , is 
determined by the following relation: 
j;) = cos''[cos^j sin (9^  /sin<9J (2.12) 
The azimuthal angle could be also measured with the help of coordinate method. In 
this method, coordinates of vertex, primary track and that of the track under the 
consideration are measured. 
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2.9 RAPIDITY VARIABLE 
Study of the angular characteristics of the relativistic charged particles produced in 
high-energy heavy ion collisions are carried out in terms of rapidity variable ' K' of 
relativistic charged secondaries. The rapidity (K) of a shower particle in the laboratory 
frame is defined as: 
y = (l/2)ln[(£ + ^ J / ( ^ - / 7 , ) ] (2.13) 
where E and P, are respectively the total energy and longitudinal momentum of the 
outgoing particle in the lab frame. At high energies P^ » P, » m, where m and P, 
respectively denote the mass and transverse momentum of the secondary particle. The 
expression for rapidity reduces to: 
Y = T] = -\nXan{9J2) (2.14) 
where 0^, is the angle of emission of the shower particles in the laboratory frame with 
respect to the direction of the primary tracks, 7 is termed as pseudorapidity of the 
particles. It has been found that it is not always possible to measure the energy and 
momentum of a particle experimentally and hence the rapidity distribution and other 
related topics are generally studied in terms of pseudorapidity variable, T] , instead of the 
rapidity variable, Y. In present analysis work also //-variable has been used. The 
transformation from F to 7 can be readily obtained in the following manner. 
Y = {\l2)\n[{E + p,)l{E-p,)] 
= \n[{E + p,yi{E-p,){E+p,)f' 
= \n[{E + p,)/{E'-p,y"] 
The relativistic expression for the total energy is 
£ ' =p^c^+m,\' 
E^ = p^c^ +Wo c = \ 
At very high velocities, p » m„, under this approximation, one can write E = p. 
Therefore Y goes to rj. 
r? = \n[ip + pj/ip'-p,'y"] 
= ln[ip + p cos0,)/{p,' + p,' -p,'y"] 
= In[p (1 + cos0^)/pj.] 
= ln[(l+cos^,)/sin^,] 
= In[(2cos' ^,. /2)/(2 sin^., /2 *cos^,, 12)] 
= In cot {6 J 2) 
T] = -\ntan{e,l2) (2.16) 
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The physical significance of the negative sign is that with tlie increasing angle (0^). 
q decreases. The advantage of using the rapidity variable is that it is an additive quantity, 
i.e., the results in one frame of reference can be readily transformed into other frame 
using the relation: 
Y =Y +Y 
where Y, = 1/2 [I +/?/l-y9] 
2.10 THEORITICAL MODELS USED IN MULTIPARTICLE 
PRODUCTION PHENOMENON 
We will now discuss some theoretical models, which are proposed to explain the 
characteristics of multiparticle production in nucleus-nucleus collisions at very high 
energies. The predictions of these models are frequently used to explain the main 
experimental results of nucleus-nucleus collisions. Brief descriptions about some of these 
models are given in the following sub-sections. 
2.10.1 Wounded Nucleon Model 
Wounded nucleon model [17] has been proposed to understand the mechanism of 
multiparticle production in nucleus-nucleus collisions at high energy. The idea of 
"wounded" nucleon (called now a "participant") became one of the basic tools in 
explaining and giving interpretation of the heavy ion collision experiments. According to 
the predictions of this model, the number of relativistic charged particles produced in 
nucleus-nucleus collisions should show a scaling property with the mean number of 
wounded nucleon (w). The average multiplicity in a collision of two nuclei with mass 
numbers A and B is: 
" . « = l / 2 w « ^ / £ ) , (2.16) 
where n^^{E) represents the particle multiplicity in proton-proton collision at an 
equivalent energy. Another very convenient and useful parameter to calculate the 
multiplicity per participating nucleon is given as:M = «^ g /w. Where the parameter M is 
very important for comparing the average multiplicities observed in the colliding systems 
of different sizes; M is believed to depend only on the collision dynamics and not on the 
impact parameter, b. However, the wounded nucleons (w) are observed to depend on the 
nuclear radius, density and impact parameter. The number of wounded nucleons (w) in 
the collision of particle nucleus A and the target nucleus B is given by the following 
expression: 
^AH=^A^WH (2.17) 
where w. = and w„ = 
^AB <^AB 
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Here a^ , and (7^^ are respectively ihe cross-sections ofnucleon with projectile A and 
target nuclei B and cr ^,f is the total inelastic production cross-section for the collision of 
projectile nucleus A with target nucleus B. /I, and A^ represent the mass numbers of the 
projectile and target nuclei respectively. 
The number of wounded nucleons in central nucleus-nucleus collision is determined 
by the knowledge of maximum impact parameter, A,„,,^ . Glauber approach [18] is used to 
calculate the cross-sections using inelastic hadronic cross-sections and nucleon density 
fluctuations of the target and projectile. The value of i,,,,^  for the central collisions is 
determined by the following relationship: 
(^par, = ^bl, = a,, ^,,„„„, / yV,„,„, (2.18) 
where A',.,,,,,,.,,/ and A^ „„„/ respectively are the number of the central and total events for a 
given sample of nucleus-nucleus collisions. 
It may be stressed that the cross-section for the excited nucleons due to various 
interactions is assumed to be the same as that for the unexcited ones; the number of the 
target and projectile interactions may be computed by the following expression: 
^H=A,(T^^.Ja^„ (2.19) 
andv,^ A,a^.J a ^^ (2.20) 
The total number of the interactions caused by the projectile nucleons with the target 
nucleons may be evaluated from: 
V =w^u^ =w„v^ (2.21) 
It has been reported [18-21] that the predictions of the wounded nucleon model are 
quite compatible with the results obtained for the experimental as well as FRITIOF data 
samples for 200 GeV/c p-Em, 200A GeV/c '^0-Em and ^^S-Em collisions and Pb-Pb 
collisions at 158 GeV per nucleon energy. 
2.10.2 Fermi - Landau Model 
When two nuclei collide at relativistic energy, one expects the occurrence of high 
energy density regions in two different situations: in the 'stopping' or 'baryon-rich quark-
gluon plasma' region of collision energies with -Jl - 5 - 1 0 GeV per nucleon and the 
'baryon-free quark-gluon plasma' region of collision energy with V^ > 100 GeV per 
nucleon. Two extreme points of view can be taken for the amount of stopping of the 
participants in the collision zone, Fig. 2.1. These points of view are expressed in 
hydrodynamical model [22,23] where energy, momentum, entropy and baryon number 
are conserved in the solution of relativistic hydrodynamic equations. The interacting 
nuclei are seen as fluids of nuclear matter, which are extremely compressed via 
propagating of shock waves. Because of the dominant longitudinal expansion, due to the 
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initial projectile direction, and slow transverse communication \\,„„„/ ~ 0.3 c, the 
equations are usually reduced to the one-dimensional case, assuming a constant 
transverse expansion. 
This model assumes complete stopping of projectile and nuclear matter in the 
collision. In this case the participating nucleons of both target and projectile come to rest 
in the region of mid-rapidity. This scenario is called the Fermi-Landau model [24,25] and 
leads to particle production and a large energy density around mid-rapidity. The energy 
E,i left for particle production is given by the following relationship: 
EH. =^,M.S- -E,,,, = m,.^Al + A; + 2y, A, A, -m^.{A, + A^) (2.22) 
where m^j is the rest mass of the nucleon, /i,=\/^\-^f, where /?,, =v^,/c, is the 
velocity of the projectile, and A^, and A, are the number of participating nucleons of 
projectile and target respectively. The energy density is calculated by the formula as 
given below: 
p.E., 
s =^~^ (2.23) 
where p is the fraction of stopping and V is the volume of the region of nuclear matter 
at high energy density. Lack of knowledge about the amount of stopping and space-time 
evolution of the system cause large uncertainties in the estimates of the created energy 
density. 
2.10.3 Bjorken- McLerran Model 
In the Bjorken-McLerran model [26,27] the collision of the two colliding nuclei can 
be visualized by two thin disks around position Z = 0. The nucleus in the overlap zone of 
the colliding nuclei may have several nucleon-nucleon collisions. Each nucleon-nucleon 
collision is accompanied by a large loss in energy of the collision. Several experiments 
[28,29] have observed large stopping of 2 to 4 units in rapidity. However at very high 
energies, above lOOA GeV, the nucleons can still have enough momentum to proceed 
forward and move away from the collision zone. This effect is known as transparency. 
The energy lost by the nucleons is deposited around Z = 0. The matter created in this 
collision zone has a very high energy density and small net baryon content. Until now it 
has not become possible to extract information that whether the particles which carry the 
deposited energy will be quarks, gluons or hadrons. The special feature of this model is 
that the formation time, r^, at which these particles are formed and equilibrium is 
reached due to rescattering is treated as an unknown quantity. The value of r was 
estimated by Bjorken given as: r^  =\/Ag^.j, - l / m / c a s this process concerns strong 
interactions. 
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In order to calculate the initial energy density of a matter using the predictions of 
Bjorken model, it has been assumed that the two nuclei colliding head-on in the center-
of-mass frame. The region of creation of particles is assumed to be homogeneous in 
rapidity for a longitudinal length AZ around Z = 0. Observations at the CERN SPS of the 
charged particle multiplicity, d N^JdY = constant at mid-rapidity Y ^ 3, justify this 
assumption. Most of the emitted number of particles will be pions and are represented by 
3 
N. So that N is approximately given as: N « --Nj,,,^, • The total content of energy, EQM, 
contained in the cylinder of interacting matter can be estimated according to the 
following expression: 
E = 
dE 3 dN^ /larg AY = - —^^^^. < £, >, . ^Y (2.24) 
2 dY dY 
where the measured average energy per particle < E, >,, ~ 500 MeV [26,28] and 
AF = AZ/(c.rQ). For a central S+Au collision the estimated energy density, using for the 
Sulphur radius Rs = 1.15. ^ ^ ^ yields 
3 — < E, >i. 
s = ^ ^ (2.25) 
2;r(l.I5^,-) '^ ^^  0 
By using the above formalism, 84% of the total beam energy was converted into 
particle production around mid-rapidity. In the Fermi-Landau model [24,25] the 
calculated energy density for the beam energies of 10 GeV to 200 GeV per nucleon are 
found to be in the region 0.85 < e < 8.1 GeV/fm^. The large uncertainty in these 
calculations is due to a lack of knowledge about the size of the reaction volume. 
2.10.4 Random Alpha - Cascade Model 
This model was introduced by Bialas and Peschanski [30], as a model of 
multiparticle production in high-energy collisions. According to this model the study of 
fluctuations of the rapidity density in relativistic nuclear collisions was made effectively. 
The random cascade is self-similar cascade picture of the multiparticle production 
process and thus gives scale-invariant rapidity density fluctuations. 
On the basis of such models, at each step of the cascade all the pseudorapidity 
subintervals are divided into a series of self-similar steps. Let us considers the M rapidity 
intervals of width 5ri correspond to number v of partitions of the initial interval A;;, 
each one in X rapidity segments. The number of bins, M, in terms of total pseudorapidity 
range A 7 and bins of equal width SJ] may be written as: 
X'=^ = M (2.26) 
or] 
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The partition ol'the phase space can be visualized in terms of the Cayley tree, which 
is depicted in Fig. 2.2. The phase space partition box diagram is also shown in Fig, 2.3 
for the simplest case of /I = 2 . One event will be defined by a set of randomly chosen 
numbers W's, in Cayley tree than random cascade models involve a probability 
distribution r(W) with corresponding moments: 
<W" >=\W" r{W)dW ,<W> = \ (2.27) 
The function r{W) induces density fluctuations as the rapidity window is broken up 
into ever smaller bins. The density /•„, in the m"' bin is given by the following 
relationship: 
^..=-^ri^.=i7-^rV. (2.28) 
M ,,=! M < p{m) > 
where the sequence of indices n defines a path leading to a given bin m with the particle 
density p{rn). One assumes that there exists a range of scales inside of which the weight 
W are constant, i.e., they do not depend on the scale at which they operate. According to 
this model the behaviour of intermittent character follows as: 
F^-<{MP„y> = <f[W^^>={^rJl5Tlt'^''^'"' (2.29) 
The intermittency indices in this model are expressed as: 
a^ = i n < l ^ ' > / I n A (2.30) 
The intermittency indices, a^, in above Eqn. (2.30) predict the existence of a multifractal 
spectrum [31 and references therein]. 
The random cascade model is called a -model [32] for the simplest case of A =2 . In 
this situation a two-level probability distribution is used to explain the simplest form of 
r{W) distribution as: 
r{W) = p5{W-W_) +{\-p)5iW-WJ (2.31) 
where Q<W_ < 1 < 1^ ^ and pW_ +{\-p)W^ =1 due to the normalization condition of 
Eqn. (2.29). The value of ^^ > 1 represents an enhancement in the density. The density 
enhancement with probability {\-p) at each step of the cascade, while W_ <1 
represents the depletion in density with a probability (1 - j?) . Enhancement and depletion 
in the density result in the formation of "spikes" and "holes" respectively in the rapidity 
distribution. The intermittency indices in this case are given by: 
or^  =ln[/7ff . ' '+(l- /7)^;] / ln/L (2.32) 
The study of the factorial moments and mulfifractal analysis reveals new interesting 
features. The model predicts the occurrence of various phase transitions [33-35] provided 
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the parameters p and X are ehanged. The moments of factorial moments are useful to 
reveal these transitions due to the fact that the distributions of the factorial moments are 
extremely irregular by themselves [36]. Introducing the normalized moments of moments 
and ascribing to these a power-law behaviour at small bins of the form, 
< Z; > = ^ / ( ^ J!^, ^ (^^)' ' < F^idri) > c^  {STIY" ' (2.33) 
The dependence of the indices s^^^ on the parameters of the model can be analysed 
in the framework of a-model. The indices, E^^^, act as order-parameters. The a -model is 
not suitable to predict the correct dependence on the distance between bins. The model 
follows power-law behaviour with an exponent 
^P,=^P^',-^r-^'i (2.34) 
related to the usual intermittency indices. The experimental values do not follow a 
straight line on a log-log plot. Moreover, there are no finite intervals where they satisfy 
the above relation. When roughly approximated by a straight-line fit, the experimental 
values of ap^ are larger than those of the a -model. 
2.10.5 The Bag Model 
The bag model provides a useful phenomenoiogical description about the main 
features of quark-gluon plasma, which is related to the MIT bag model [37,38]. From the 
grand canonical partition function the energy density and pressure can be calculated with 
the help of this model. Two extreme conditions will be described. In the first condition 
the chemical potential, / / , will be zero. This means that the number of quarks equals to 
the number of anti-quarks and thus baryon free quark-gluon plasma is established. The 
second condition describes at zero temperature and finite chemical potential. This means 
that pure baryonic quark-gluon plasma will be formed. 
Suppose the quark-gluon plasma is an ideal gas in which two quark flavours, u and d, 
and gluons are present. In this case the number of degrees of freedom for the quark and 
the gluons are; 
• quarks: Nq 2 (spin) x 3(colour) x 2(flavour) = 12 
• gluons: Ng = 2 (spin) x 8(colour) = 16 
The energy density for the gluons is calculated by making use of the thermal 
momentum distribution for bosons: 
s.. - ' \p'dp {e^"-\r = ' (2.35) 
' (2 Try J 30 
where p is the momentum of the gluon and T the temperature of the plasma. 
For the quarks the rest masses of the u and d quarks have been assumed to be zero to 
facilitate the calculation: 
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A',4;r , , . , , , 
(2.36) U 71) (2ny 
Here the thermal fermion distribution has been used. This integral can not be solved 
analytically. However, the energy density for the anti-quarks is given by: 
^ < 7 = 7 ~ ^ fpV/7(e'"->'^+l)- ' (2.37) 
(2 n)- •' 
Combining the energy density for quarks and anti-quarks their total energy density can 
easily be obtained: 
" " " ( 120 4 %n^ J (2.38) 
PLK->' = . . + //^ r^ + : ; - ^ //^ - 5 (2.40) 
Assume the system is contained in a bag with an outside vacuum pressure B, the so 
called bag constant. Taking into account the degrees of freedom for gluons 'N^ and 
quarks 7V,^ , the total energy density of the QGP becomes [37]: 
W = ^ ^ ^ + 3 / r ' r ^ + - A ^ / + B (2.39) 
30 2;r' 
In a similar way the pressure can be derived to be: 
3 7 ; r ^ r ^ 2^2 ' 4 
+ ji'T- + : ••' 
90 2;r^ 
In nucleus-nucleus collisions the quark-gluon phase is entered by both heating and 
compression of hadronic matter. The energy density and the pressure can be calculated 
for hot hadronic matter assuming it to be a hot pion gas. The energy density and the 
pressure of hadronic matter in the form of a pure pion gas can be easily calculated. With 
A^^ = 3, isospin degrees of freedom of the pions, is given as: 
£=^n'T' (2.41) 
" 30 
P,=^7t'r (2.42) 
" 90 
Then the critical temperature T^ at which the phase transition takes place can be derived. 
Demanding that the pressure of the hadronic phase equals that of the QGP phase at the 
critical temperature the following relation is obtained: 
T = 
^ 9 0 5 ^ 
34 ; r ^ 
(2.43) 
This result applies for zero chemical potential, i.e. for a baryon free quark-gluon plasma. 
Applying a QCD scale parameter A^^.^ = 5 ' " = 235 MeV [37,39]. The critical 
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Icmpcraturc will he 'l\ given as 'l\ ^ 170MeV. The critical energy density for the quark-
gluon plasma is f^  = 1.7 GeV/fhr'. 
In the condition of a baryonic quark-gluon plasma at zero temperature. Analogously 
to the above, the number density, energy density and pressure can be derived. The Fermi 
momentum //,^  at which the pressure of quark-gluon plasma equals the bag pressure is 
[37]: 
f^. 2 . . \ ' " 
/'./ 
V . ^ . J 
(2.44) 
Furthermore, the number density can be derived to be: 
n, = - ^ (2.45) 
which leads to the critical number density for a quark-gluon plasma with a high baryon 
content of «^ = 0.72/fm"'. This number density should be compared to the nucleon-
number density n^ = 0.17/fm'^  in normal nuclear matter. When the baryon-number 
density exceeds this nucleon density by a factor 5 a phase transition to the quark-gluon 
plasma appears inevitable. 
2.10.6 Hydrodynamical Model 
The hydrodynamical model is a macroscopic model [40 and references therein], 
which describes some of the important postulates of heavy ion collisions as follows: In 
the initial collision a large amount of the kinetic energy of the colliding nuclei is used to 
create a large number of secondary particles in a small volume. These particles will 
subsequently collide with each other to reach a state of local thermal equilibrium. When 
the system has reached local equilibrium it can be characterized by the fields of 
temperature, T{x), chemical potential associated with conserved charges, //, (x) and the 
flow velocity, u''{x). The evolution of these fields is then determined by the 
hydrodynamical equations of motion until the system is so dilute that the assumption of 
local thermal equilibrium breaks down and the particles begin to behave as free particles 
instead. 
The most important role of hydrodynamical model is that, it directly incorporates an 
Equation of State (EoS) as an input and thus is so far the only dynamical model in which 
a phase transition can explicitly be incorporated. In the ideal fluid approximation, once an 
initial condition has been specified; the EoS is the only input to the equation of motion 
and relates directly to properties of the matter under consideration. In this sense a 
hydrodynamic model is a bridge between the Quantum Chromo-Dynamics (QCD) theory 
and experimental data, and is indispensable to describe heavy ion physics. However in 
usual practical hydrodynamic simulations, an EoS with first-order phase transition (Bag 
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Model) is used. In fact, there are very few studies on the effeet of the order of QCD phase 
transition on physical observables. 
2.10.7 Event Generators 
Event generators/model are the software programs/libraries, which are used to 
generate simulated events in high-energy heavy ion collision experiments. These event 
generators have been developed to describe the evolution in high energy collisions. The 
randomly generated events are produced in particle accelerators, collider experiments or 
during the initial phases of the Universe creation. Experimental physicists compare their 
experimental results and /or data with these event generators in order to understand the 
physics of a collisions. I will describe following models for the comparison purpose in 
the present study. 
2.8.7.1 The FRITIOFModel 
The FRITIOF model was proposed at Lund University. It has been modified over 
time to time. The FRITIOF model [41,42] has been used for the simulation of inelastic 
hadron-hadron, hadron-nucleus and nucleus-nucleus collisions. Interestingly in this 
model, hadron is treated as a string-like object with its color force field stretching like a 
vortex line, which has a hard core surrounded by an exponentially damped field. The 
interaction between two hadrons with large relative momentum provides the transfer of 
longitudinal momentum between the hadrons, resulting which two longitudinally excited 
strings may be formed. Each string contains the same quarks as one of the incident 
hadrons. No net color is assumed to be exchanged between hadrons only the momentum 
transfer takes place. After the string formation, the subsequent string fragmentation 
follows the LUND fragmentation scheme. The FRITIOF model had remarkable success 
in describing the pseudo rapidity distributions of shower particles (/? > 0.7) produced in 
various nuclear emulsion experiments as '^ O projectiles at 14.6, 60 and 200 GeV energies 
[43]. 
2.8.7.2 The UrQMD Model 
The ultra-relativistic Quantum Molecular Dynamics model (UrQMD) [44,45] is a 
microscopic model based on a phase space description of nuclear reactions. This model 
was proposed specially to unearth the collision geometry of nucleus-nucleus interactions. 
There is no unique theoretical description to understand the dynamics of hadron-hadron 
collisions due to vastly different characteristics at different energies and in different 
kinematics intervals. The UrQMD describes the phenomenology of hadronic interactions 
at low and intermediate energies (^Js < 5 GeV) in terms of interactions between known 
hadrons and their resonances. At higher energies, ^fs > 5 GeV, the excitation of color 
strings and their subsequent fragmentation into hadrons are taken into account in the 
UrQMD model. The UrQMD (version 1.3) is the most appropriate FORTRAN-77 based 
code, which is used for simulating heavy ion collisions in the energy range from SIS to 
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RHIC and will be also used tor future energy of PANDA and CBM experiments |46|. It 
has been designed as multipurpose tool for studying a wide variety of heavy ion related 
effects, ranging from multifragmentation and collective flow to particle production, 
fluctuations and correlations. 
This model is based on the covariant propagation of all hadrons considered on the 
(quasi) particle level on classical trajectories m combination with stochastic binary 
scatterings, color string formation and resonance decay. It shows a Monte Carlo solution 
of a large set of coupled partial integro-differential equations for the time evolution of the 
various phase space densities of particle species i = N, A, A, etc. The main ingredients of 
this model are the cross sections of binary reactions, the two body potentials and decay 
widths of resonances. 
2.8.7.3 The HIJING Model 
The Heavy Ion Jet Interraction Generator (HIJING) model based on the Monte Carlo 
method was developed by M. Gyulassy and X. N. Wang. Due to some special emphasis 
on the role of minijets, it is used for quantitative understanding of the interplay between 
soft string dynamics and hard QCD interaction produced in hadron-hadron, hadron-
nucleus and nucleus-nucleus collisions at RHIC and LHC energies. The HIJING model 
treats to nucleus-nucleus collision as a superposition of binary nucleon-nucleon 
collisions. In this model for each pair of nucleons, the impact parameter is determined 
using the nucleon transverse positions generated from a woods-Saxon nuclear density 
distribution. The eikonal formalism is then used to determine the probability for a 
collision to occur. For a given collision, one can determine, whether it is an inelastic or 
elastic collision, a soft or hard inelastic interaction, and/or how many number of jets 
produced in a hard interaction. To take nuclear effects into account in hard interactions, 
an impact parameter-dependent parton distribution function (based on the Mueller-Qiu 
parameterization [47] of nuclear shadowing) is used. 
HIJING subdivides the A-A interactions into the interactions between the nucleons. 
The number can be found with the help of Glauber model, which calculates the geometry 
for multiple interactions using the impact parameter. The interacting partons are treated 
as strings according to the Lund string model. In FRITIOF model the strings are not 
allowed to re-excite; however possible in HIJING [48] model. For relativistic heavy ion 
collisions the model limits it to the energy range of approximately 10 GeV <^JsNN < 10 
TeV per nucleon. 
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dN/dY 
project i le 
dN/dY 
transparency 
target Y projectile 
(b) 
Fig 2.1: Particle production for two extreme scenarios, (a) The 
Fermi Landau model showing complete stopping, and (b) the 
Bjorken- Mc. Lerran model shows partial transparency. Present 
Fig. has been taken from Ref. [49]. 
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Fig. 2.2: Cayley tree representation of intermittency. 
Fig. 23: Box diagram of intermittency. The initial phase space is 
divided into boxes following the Cayley tree scheme of Fig. 2.2. 
The present Figs. 2.2 and 2.3 has been taken from Ref. [50]. 
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% ^ Chapter -3 
Study of General Characteristics of Heavy Ion 
Collisions at Relativistic Energies 
K e y 
3.1 INTRODUCTION 
During the last decade, a lot of experiments have been carried out for the 
investigation of dynamics of multiparticle productions in nucleus-nucleus collisions at 
very high energies with a special interest in the occurrence of new physical phenomenon 
such as formation of new state of matter i.e. Quark Gluon Plasma (QGP). For this 
mission the study of general characteristics of heavy ion collisions at relativistic energies 
has witnessed a fast increasing interest in recent years. To understand the formation of 
QGP and also disentangle its signature, the accumulation of experimental data on 
reaction cross-sections, multiplicity characteristics and the fluctuations in number of 
interacting nucleons is necessary [1,2]. The present chapter has been organized from this 
point of view. 
In this chapter, we have described the results on the general characteristics in the 
interactions of ^^Si-emulsion collisions at 14.6A GeV to extract the valuable information 
about the mechanism of particle production. We have compared the results presented in 
this chapter with our earlier experimental data at 4.5A GeV [3] from the interactions of 
^^Si-Em and '^C-Em respectively along with other experimental result of Proton-Em 
collisions obtained by B.P. Bannik et al. [4] at 4.5A GeV. We have presented some 
results on mean free path, interactions with different targets, the multiplicity distributions 
of black, grey, shower and heavily ionizing particles, multiplicity distribution of total 
charged secondaries, scaling behaviour of grey particles, mean multiplicities for various 
charged particles, dependence of mean multiplicity on target mass and several types of 
correlations among the various charged secondaries have been investigated. Study of 
angular characteristics of slow and relativistic charged particles. A brief 
discussion of pseudorapidity distribution and rapidity gap distributions have been also 
made. Different results obtained are compared with other results on nucleus-nucleus and 
hadron-nucleus collision in order to find the dependence of various parameters on 
projectile and target mass. Besides the above, the scaling of multiplicity distributions of 
relativistic shower particles and slow particles produced has also been studied in order to 
check the validity of KNO-scaling. A simplified universal ftinction has been used to 
represent the experimental data. Finally, an interesting result on multiplicity correlations 
in terms of maximum fluctuations has been reported in a very beautifiil manner. 
Chapter-3 Study of General Characteristics of 50 
3.2 MEAN FREE PATH AND INTERACTION WITH DIFFERENT 
TARGETS 
The mean free path of interaction is an important parameter to measure the 
skillfulness of scanning procedure, i.e. with the help of mean free path of interactions; we 
have obtained the basic authenticness of our data. The details of scanning technique have 
been described in section 2.5.2 of second chapter. The mean free path, X, is obtained by 
following mathematical formulism: 
/l = l A / ^ . . (3-1) 
where Z, is the path length followed for the i"^  primary track of the beam, n is the total 
number of followed primary beam tracks and A'^ ,^ , is the total number of inelastic 
collisions. 
Following 141.59 m. of primary track lengths we have picked up the total events of 
1205 inelastic collision in the interactions of Si nuclei with emulsion nuclei at 14.6A 
GeV. This leads to the mean free path as X-inei = (11.75 ± 0.34) cm., when the composition 
of a standard nuclear emulsion is taken into consideration [5]. A comparison of 
experimental mean free path with the values obtained by other worker [6] using different 
projectiles at various energies has been depicted in Table 3.1. These values are in good 
agreement with the theoretical values of X-inei calculated by Bradt-Peters [7]. A variation 
of \/X with (Ap) for our data along with some other results [6-17] is shown in Fig. 3.1, 
where Ap is the projectile mass number. The linear fit using the method of least squares is 
given by: 
\/X = (0.0371 ± 0.0035) + (0.0056 ± 0.0003)(Ap)^^ (3.2) 
The value of x /DOF is obtained as (0.0038). The agreement of the present data and 
others [2-9] clearly indicates that the calculations carried out according to simple 
geometrical models [7] are in satisfactory agreement with the experimental cross-
sections. 
The percentage of occurrence of the interactions due to ^^Si-Em collisions at energy 
14.6A GeV with different targets (H, CNO and AgBr nuclei) is shown in Table 3.2. We 
have also calculated the percentage of interactions (or reaction cross-sections) for silicon 
beam at 14.6A GeV with different target groups using geometrical concepts of the 
collision (Bradt-Peters equation) [7]. The results have been compared with the findings of 
the analysis of ^^Si-Em, '^C-Em, He-Em and P-Em at 4.5A GeV, which are listed in 
Table 3.2. From this table one can state that the reaction cross-section or percentage of 
interactions with various groups of target depends slightly on the mass and energy of the 
projectile. The percentage of events decreases in case of collisions with light target nuclei 
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(CNO) as the mass of the projectile increase. However in the case of collisions with 
heavy nuclei (AgBr), the percentage of events increases as the projectile mass increases. 
Table 3.1: Values of mean free path (X) of various projectiles in nuclear emulsion. 
Projectile 
^He 
'^ C 
'"N 
, 6 Q 
"^Si 
^'Si 
''Si 
^-Fe 
"^ ICr 
'^ ^La 
' " A U 
"'\J 
Energy (A 
GeV) 
2.1 
2.1 
4.5 
4.5 
2.1 
2.0 
4.5 
4.5 
14.5 
14.6 
14.6 
1.7 
1.0 
1.2 
1.0 
1.0 
Mean free path (X) 
cm. 
21.80 + 0.70 
13.80 ±0.50 
13.78 ±0.27 
13.87 ±0.0 
13.10±0.50 
12.60 ±0.50 
09.63 ± 0.24 
09.77 ± 0.0 
12.38 ±0.41 
11.75 ±0.34 
11.07 ± 0.48 
07.97 ±0.19 
06.76 ±0.21 
05.18 ±0.30 
05.60 ±0.26 
03.67 ±0.12 
References 
[6] 
[6] 
[8] 
[9] 
[10] 
[8] 
[11] 
Present work 
[12] 
[13] 
[14] 
[15] 
[16] 
[17] 
Table 3.2: Percentage of occurrence of interactions with different group of target 
in heavy ion collisions at various energies. 
Interactions 
P-Em 
a-Em 
"C-Em 
"C-Em 
"Ne-Em 
'"Si-Em 
"Si-Em 
"Si-Em 
"^Ar 
^^ Fe 
"^ Kr 
""Au 
Energy 
A GeV 
3.0 
4.5 
3.7 
4.5 
3.7 
3.7 
4.5 
14.6 
1.8 
3.7 
1.0 
8.7 
H 
18.00 
21.03 
21.29 
10.78 
12.94 
15.29 
15.98 
22.61 
17.80 
23.13 
12.10 
19.00 
CNO 
49.50 
40.42 
30.87 
27.85 
32.59 
33.79 
31.95 
31.65 
34.60 
22.64 
47.60 
36.00 
AgBr 
32.50 
38.55 
47.84 
61.37 
54.47 
50.92 
52.06 
45.74 
47.50 
54.23 
40.40 
45.00 
Total 
Events 
702 
1100 
— 
701 
— 
— 
844 
951 
— 
— 
— 
— 
References 
[22] 
[23] 
[21] 
[8] 
[14] 
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Present work 
[18] 
[19] 
[14] 
[20] 
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Fig. 3.1: Dependence of inverse mean free path X.^ as 
2/3 
a function of projectile mass number (Ap) . 
3.3 MULTIPLICITY DISTRIBUTIONS OF VARIOUS TYPES OF 
TRACKS 
3.3.1 Multiplicity Distribution of Black, Grey and Heavily Ionizing Tracks 
It is believed that in high-energy nucleus-nucleus collisions, the emission of fast 
target-associated particles mostly the knocked out protons known as grey particles, takes 
place at a relatively later stage of the collision. These fast protons with range L > 3mm 
and relative velocity 0.3 < P < 0.7 lie in the energy range "hd to 400 MeV. The emission 
of slow target associated particles (black tracks) and other heavier fragments takes place 
at a still later stage with range L < 3mm, relative velocity P< 0.3 and energies less than 
300 MeV. Usually, they are produced as a result of the evaporation processes. Moreover, 
these target-associated particles are mostly slow and fast protons and grey particles are 
often assumed to be the measure of the number encounters made by the incident hadron 
inside the target nucleus [24]. 
Multiplicity distributions of Nb, Ng and heavily ionizing particles as observed in the 
present experimental works are presented in Figs. 3.2 (a-c) in ^^ Si -emulsion interactions 
at 14.6A GeV. For the sake of comparison, the respective distributions obtained from the 
interactions of Si, C and Proton nuclei using nuclear emulsion at 4.5 GeV/nucleon [4] 
along with '^0-Em interactions at incident energies 3.7 and 200A GeV (Fu-Hu Liu 
[25,26] respectively are also shown in above figures. From the plot, it is readily observed 
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3.3.2 Multiplicity Distribution of Total Charged Secondaries 
The multipUcity distribution of total charged secondary particles Nch (Nch = Nb + Ng 
+ Ns) is displayed in Fig. 3.3 for Silicon beam at 14.6A GeV. The distribution for present 
data is broader than those of Silicon and Carbon beams at 4.5A GeV. The tails of total 
charged secondary particles distributions are found to extend upto high multiplicities of 
Nch = 116 in case of ^°Si-Em at 14.6A GeV, whereas 103 and 89 respectively for ^"Si and 
C projectiles respectively at 4.5A GeV. The long tail of the distributions may arise from 
the interactions of all the nucleons present in the projectiles with the target nucleus, 
which is ultimately possible due to the transfer of projectile energy to the total nuclei. 
Further, it is concluded that the corresponding distributions for Si-AgBr at 14.6A GeV 
mteractions shown m Fig. 3.4 (a-c) are broader than those for Si-CNO interactions at 
same energy shown in Fig.3.5 (a-c). The same pattern is observed in the interactions of 
^*Si and '^C nuclei with AgBr and CNO targets at 4.5A GeV. This may reflect the effect 
of the target mass number on the number of collisions of ^^Si and '^C with target nuclei at 
different energies. 
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Fig. 3.3: Total charged multiplicity distributions of particles 
produced in the interactions of ^ ®Si-Em at 14.6A GeV, 
®^Si-Em and '^ C-Em at 4.5A GeV/c. 
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Fig. 3.4 (a-c): Multiplicity distributions of various secondary charged particles 
produced in various nucleus-AgBr interactions at high energies for (a) black 
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that all the distributions are essentially similar. The peaks of the distributions appear in 
the lower values of Nb, Ng and Nh in Figs. 3.2 (a-c). It is clearly observed from these 
figures that all the distributions are essentially similar as obtained for "^^ S-Em interactions 
[27] and other projectiles [3,25,26], which indicate that the target associated particles are 
characterized by a weak dependence on the projectile mass number Ap. This result is 
consistent with those obtained by other workers [28,29]. The percentage of events with 
large values of Nb, Ng and Nh in nucleus-nucleus collisions increases with increase in 
projectile mass with respect to proton-nucleus collisions at different energies per nucleon. 
The range of the distributions is found to be extended upto larger values of these 
parameters in case of heavier projectiles. The behaviour of extended distribution for 
heavier projectiles in comparison to proton beam may be understood in terms of large 
number of collisions between the nucleons of the interacting nuclei. 
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Fig. 3.2 (a-c): Multiplicity distributions of secondary charged particles produced in various 
interactions at high energies for (a) black particles (b) grey particles and (c) heavily ionized particles. 
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Fig. 3.5 (a-c): Multiplicity distributions of secondary charged particles 
produced in nucleus-CNO interactions at high energies for (a) black 
particles (b) grey particles and (c) heavily ionized particles. 
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3.3.3 Scaling of Grey Particle Multiplicity 
We have also examined the possibility of scaling, i.e., similarity in the multiplicity 
distributions of target fragments i.e., grey particles produced in hadron-nucleus and 
nucleus-nucleus collisions. In the present analysis, the events with N„ = 0 have been 
excluded because the coherent processes may also contribute to such events. The Ng 
28 28c I2/' /<Ng> - distributions from Si-Em interactions, at 14.6A GeV, Si-Em, C-Em and 
Proton-Em [30] interactions at 4.5A GeV respectively are shown in Fig. 3.6 (a-d). A 
straight line of the form: 
ln(A^^ ,„) = A(N^ /<N^>) + B (3.3) 
is found to describe the data, where Nev denotes the total number of events in the given 
sample and A and B are constants. The best fits to the data are given as: 
In(Nev) = -( 0.88 ± 0.04) N„/< Ng > + (5.48 ±0.18) for Si-data (14.6AGeV) (i) 
ln(Nev) = -( 0.86 ± 0.06) Ng/< Ng > + (4.50 ± 0.15) for Si-data (4.5A GeV) (ii) 
in(Nev) = -(0.89 ± 0.08) Ng/<Ng> + (4.74 ±0.20) for C-data (4.5A GeV) (iii) 
ln(Nev) = -(0.96 ± 0.04) Ng/< Ng > + (6.79 ± 0.13) for proton data (4.5A GeV) (iv) 
The constancy in the values of slopes in the above relations (i-iv) for nucleus-nucleus 
as well as hadron-nucleus data may be interpreted as existence of some kind of scaling. 
Fig. 3.6 (a-d): Plots for the ln(N J vs. NJ<N>. (a) for '"Si-Em at 14.6A GeV 
and (b-d) for ^Si-Em, '^C-Em and Proton-Em at 4.5A GeV. 
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3.3.4 Multiplicity Distribution of Shower Tracks 
1 he mLillipliciiy distribution ol' relativistic shower particles which arc produced in 
the first stage of the collisions is shown in Fig. 3.7 (a) for ^*Si-Em at 14.6A GeV along 
with ^''Si, '"C and P-emulsion interactions at 4.5 GeV per nucleon. From the figure, it is 
observed that the distribution shows sharp peak for P-emulsion interactions whereas, no 
such peaks are observed for '^'Si and '^C-emulsion interactions. We have also plotted the 
multiplicity distributions of shower particles in the interactions of Si-AgBr and Si-
CNO collisions at 14.6A GeV, which are depicted in Figs. 3.7 (b-c). It is also found from 
the Figs. 3.7 (a-c) that the peak of the distributions are shifted towards higher Ns values •fa< 
Silicon and Carbon beams at 4.5A GeV and 14.6A GeV respectively while the widths of 
the Ns-distributions for ^^ Si and '^C-emulsion interactions are not comparable. From the 
figure it is also examined that the tail of the distribution extends to a much larger values 
of Ns for the projectile of higher energy and higher projectile mass number. This clearly 
indicates that more relativistic charged particles (P > 0.7) are produced with increasing 
projectile energy and mass number of the projectile nucleus, thereby confirming 
conversion of energy into mass. 
3.4 MEAN MULTIPLICITY OF CHARGED SECONDARIES 
The mean multiplicity is the average number of charged particles produced in 
various types of high-energy heavy ion collisions. Multiplicity of different charged 
particles is a useful parameter to understand the mechanism of multiparticle production. 
The values of the mean multiplicities of black, grey, shower, heavily ionizing and total 
charged particles produced in Si-nucleus collisions at 14.6A GeV along with other 
results are presented in Table 3.3. It can be observed from the results shown in the table 
that values of <Ng> increases with increasing mass of the projectile as well as energy of 
the projectile. The values of <Ng> are found to decrease for Si-Em collisions at 14.6A 
GeV, '^0-Em collisions at 60 and 200A GeV and ^^S-Em collisions at 200A 
GeV[25,26,31]. This trend may be due to different selection criteria of ionization for grey 
particles. The values of <Nb> do not exhibit any such trends; a constancy in its values is 
recorded. On the other hand the mean multiplicity of relativistic charged particle, <Ns>, 
compound tracks, <Nc> and total charged particles, <Nch> is observed to increase with 
increasing projectile mass as well as energy of the projectile. The Nc and Nch tracks 
producing particles are defined as Nc = Ng + Ns and Nch = Nb + Ng + Ns. The values of 
<Nh> also exhibit a weak dependence on Ap. 
It is interesting to study the dependence of the average multiplicity of relativistic 
shower particles <Ns> on projectile mass, Ap, which is adequately described by a power 
law of the form given as: 
<Ns>=a,{A,y' (3.4) 
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Fig. 3.7 (a-c): Shower particle multiplicity distributions in 
various interactions at different energies. 
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For our present and earlier experimental work the Eqn. (3.4) takes the Ibrm as given 
below: 
<A', >-(0 .983 ±0.110) / i ; " ' ' ' ' " " ' " ' (3.5) 
The dependence of <Ns> on the projectile mass number, Ap, is presented in Fig. 3.8 
at different energies with different beam nuclei [32,33,34]. The best linear fit to all the 
data in the Fig. 3.8 gives the value of slope Pj, (Pj = 0.856 ± 0.030) for shower particles 
indicating that the particle production is directly proportional to the increase in the 
transverse area of the projectile nucleus. 
Further the variation of <Ns> on Ap is characterized by a relatively strong dependence 
and the value of the slope is slightly higher than the corresponding values in case of 
hadron-nucleus interactions [35,36]. This observation may indicate that the projectile ^^ Si 
at 14.6A GeV energy and the projectiles Si and C at 4.5A GeV energy with in given 
impact parameter are an extended object rather than a point object as in the case of a 
hadron beam. Similar behaviour has also been reported by others [24]. 
100 
Mass of Projectile (A ) 
Fig. 3.8: Variation of <N > as a function of projectile 
mass number (A ). 
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Table 3.3: Mean muhiplicities of various charged particles produced in heavy ion 
collisions at high energies. 
Energy/ 
nucleon 
4.5 
4.5 
4.5 
4.5 
4.5 
2.1 
2.1 
3.7 
14.6 
60 
200 
4.5 
2.1 
4.5 
14.6 
3.7 
200 
Collisions 
Type 
I'-Em 
a-Em 
'Li-Em 
'Li-Em 
"C-Em 
"N-Em 
"O-Em 
"O-Em 
"O-Em 
"O-Em 
"O-Em 
"Mg-Em 
"Fe-Em 
^•Si-Em 
'^Si-Em 
"S-Em 
"S-Em 
<Nb> 
3.77 
±0.08 
4.70 
±0.20 
4.91 
±0.30 
5.37 
±0.18 
4.51 
±0.10 
4.57 
±0.21 
4.20 
±0.30 
4.90 
±0.30 
4.80 
±0.20 
4.91 
±0.34 
5.39 
±0.29 
5.32 
±0.13 
4.40 
±0.38 
5.26 
±0.09 
5.55 
± 0.08 
6.92 
± 0.25 
4.97 
±0.26 
<N,> 
2.81 
±0.06 
4.70 
±0.20 
4.23 
±0.21 
3.80 
±0.12 
5.75 
±0.11 
5.29 
±0.31 
5.10 
±0.30 
7.60 
±0.60 
5.20 
±0.20 
2.16 
±0.15 
2.03 
±0.11 
7.88 
±0.21 
9.10 
±1.10 
6.33 
±0.10 
2.85 
±0.06 
3..54 
±0.13 
2.25 
±0.12 
<N„> 
6.51 
±0.10 
9.40 
±0.23 
9.14 
±0.37 
9.14 
±0.29 
10.26 
±0.15 
9.86 
±0.25 
9.30 
±0.60 
12.50 
±0.80 
10.00 
±0.28 
7.07 
±0.40 
7.42 
±0.33 
12.58 
±0.31 
13.50 
±0.86 
11.59 
±0.14 
8.40 
±0 .09 
10.46 
±0.37 
7.22 
±0.29 
<Ns> 
1.63 
±0.02 
3.90 
±0.10 
5.09 
±0.29 
3.60 
±0.19 
7.24 
±0.89 
8.85 
±0.28 
5.90 
±0.30 
10.50 
±0.60 
20.30 
±0.80 
34.12 
±2.30 
57.30 
±3.10 
10.79 
±0.22 
14.07 
±1.08 
15.64 
±1.23 
21.34 
± 0 . 1 6 
13.08 
±0,47 
79.20 
±4.10 
<Nc> 
4.44 
±0.06 
8.60 
±0.22 
9.32 
±0.36 
7.40 
±0.22 
12.99 
±0.90 
14.14 
±0.42 
11.00 
±0.42 
18.10 
±0.85 
25.50 
±0.82 
36.28 
±2.30 
59.34 
±3.10 
18.67 
±0.30 
23.17 
±1.54 
21.97 
±1.23 
24.20 
±0 .17 
16.62 
±0.49 
81.45 
±4.10 
<Nch> 
8.14 
±0.10 
13.30 
± 0.25 
14.23 
±0.47 
12.74 
±0.35 
17.50 
±0.91 
18.71 
±0.38 
15.20 
± 0.67 
23.00 
±1.00 
30.30 
± 0.85 
41.19 
±2.33 
64.72 
±3.11 
23.37 
±0.38 
27.57 
± 1.38 
27.23 
±1.24 
29.74 
± 0 . 1 8 
23.54 
±0.60 
86.42 
±4.01 
Ref. 
Ml 
|33 | 
|37| 
|37| 
|3| 
|38 | 
|39 | 
1391 
1391 
1311 
| 3 1 | 
| 39 | 
[411 
(31 
Present 
w o r k 
1411 
1311 
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3.4.1 Dependence of Mean Multiplicity on Target Mass 
I'he mean multiplicities of different charged secondary particles emitted in the 
interactions of '^'Si nuclei with different nuclei of emulsion-targets (i.e. H, 
CNO, AgBr) at 14.6A GeV are presented in Table 3.4 along with other experimental 
results at different energies [18-20,40]. The analysis of present experimental works gives 
the following interesting conclusions: 
(i) The mean multiplicities of all type of the charged secondaries in A-A collisions 
essentiall*j>depend on the target mass. However in P-nucleus collisions, the mean 
multiplicities of shower particles, <Ns>, at the energy 4.5A GeV, decreases with increase 
of target mass (i.e. from CNO target group to AgBr target group). This fact can be 
considered as an indication of the absence of noticeable meson production in secondary 
intra-nuclear processes and absorption of relativistic particles with decreasing impact 
parameter of h-A collisions and/or with increasing number of intra-nuclear collisions, 
(ii) A rise of multiplicity of all types of charged particles with the growth of the target 
mass becomes stronger when the projectile mass increases. It means that in A-A 
collisions, when the target is fixed and the number of nucleons in the projectile changes; 
redistribution takes place for probabilities of different impact parameters. Thus, with an 
increase in the mass of the projectile nucleus with fixed target, the number of target 
nucleons knocked out in direct processes increases whereas the degree of excitation of 
the residual nucleus remains unchanged or even decreases slightly when we go from 
proton to silicon induced collisions: The first observation is related to the increase in the 
number of interacting projectile nucleons and the second one is a possible consequence of 
the fact that in heavy-ion collisions, the impact parameter is redistributed in such a way 
that its large values give large contribution. This means that the energy spectrum of 
protons from target nuclei gets harder with increasing projectile mass which may be seen 
in case of '^'Mg and *^Si nuclei respectively in light as well as heavy emulsion nuclei, 
(iii) The inter-correlations between the number of grey and black particles essentially 
depends on the mass number of the projectile nucleus. For P-nucleus and d-nucleus 
interactions, <Ng> is considerably smaller than <Nb>> however in heavy ion collisions 
(except some heavy ion collisions at very high energy) <Ng> is higher than <Nb>. It is 
interesting to notice that for the fixed projectile, the ratio of <Nb>/<Ng> is essentially 
independent of the target mass as well as projectile energies, which could be understood 
in term of the geometry of the collisions; it can be cleared from the Table 3.4. The 
increase in the values of <Ns> with heavier target may be attributed to the fact that the 
relativistic charged shower particles come mostly from the participant region of the 
rapidity space, which shows that participant region of rapidity space is more violent 
region. 
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fable 3.4; Mean multiplicities of charged particles in different collisions at dilTereni 
energies for various targets 
Collisions 
'^ C-H 
-'Mg-H 
-'Si-H 
''Si-H 
P-CNO 
d-CNO 
'He-CNO 
"C-CNO 
'^C-CNO 
''Mg-CNO 
'"Mg-CNO 
"*Si-CNO 
''Si-CNO 
P-AgBr 
d-AgBr 
'He-AgBr 
"C-AgBr 
"C-AgBr 
"Mg-AgBr 
"Mg-AgBr 
^"Si-AgBr 
'"Si-AgBr 
Energy 
(A GeV) 
4.5 
4.5 
4.5 
14.6 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
14.6 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
14.6 
<Ns> 
3.13±0.26 
2.04±0.15 
6.92±0.54 
13.84±0.25 
1.68±0.03 
2.80+0.06 
2.99±0.08 
4.21±0.15 
5.94±0.18 
5.93±0.30 
9.20±0.35 
10.30+0.54 
17.2410.24 
1.55±0.04 
3.27±0.05 
4.49±G.08 
8.54±0.!2 
10.43i0.20 
15.60±0.44 
13.09±0.25 
24.44±1.26 
27.88±0.25 
<N,> 
0.17+0.06 
0.34±0.05 
0.21 ±0.02 
0.30+0.03 
1.21 ±0.03 
1.03±0.04 
1.41 ±0.06 
!.20±0.I2 
1.35±0.14 
1.78±0.08 
i.95+0.17 
2.42±0.13 
1.38±0.07 
5.45±0.09 
3.13±0.08 
6.82±0.I8 
7.57±0.15 
12.58±0.22 
13.22±0.40 
I2.75±0.35 
13.49±0.69 
5.12±0.n 
<Nb> 
0.21±0.0.07 
0.15±0.01 
0.78±0.06 
1.39±0.03 
2.48±0.06 
1.46±0.06 
!.42±0.I5 
1.34±0.09 
1.45±0.08 
2.50±0.I3 
2.12±0.11 
3.26±0.11 
7.67±0.12 
7.76±0.12 
6.87±0.16 
5.20±0.I4 
7.25±0.17 
8.83±0.22 
9.68±0.18 
8.38±0.43 
9.49±0.15 
<Nb>/<Ng> 
1.2 
0.7 
2.6 
I.I 
2.4 
1.0 
1.2 
1.0 
0.8 
1.3 
0.9 
2.4 
1.4 
2.5 
1.0 
0.7 
0.6 
0.7 
0.8 
0.6 
1.9 
Ref. 
[19] 
[20J 
[42] 
Present 
work 
[42] 
[18] 
[18] 
[25] 
[27] 
[20] 
[42] 
[42] 
Present 
work 
[42] 
[18] 
[18] 
[25] 
[19] 
[20] 
[42] 
[42] 
Present 
work 
Chapter -3 Stud> of (jcncral Characteristics of " 
3.5 MULTIPLICITY CORRELATIONS 
Multiplicity correlations among the secondary charged particles produced in hadron-
nucleus and nucleus-nucleus collisions have been widely studied which help to 
investigate the mechanism of particle production. According to the existing 
representation, shower and grey tracks producing particles characterize the first stage of 
the inelastic collision between the two nuclei and black track producing particles 
correspond to the next stage of the collision when the de-excitation process occurs 
through the evaporation of nucleons. Multiplicity correlations of the type <N, (Nj)> have 
been extensively studied in case of hadron-nucleus collisions [43,44] and the following 
linear relationship has been found: 
< ^ , ( ^ , ) > = A,+B,,Nj (3.6) 
where N„ Nj = Ng, Nb, Nh, Ns, Nc and Nc), with i i^^  j . The values of A,j and B|j depend on 
the incident energy and mass of the projectile. 
In order to examine the behaviour of multiplicity correlations of secondary particles 
produced in nucleus-nucleus collisions, we have also studied the correlations in the 
interactions of Si -Em at 14.6A GeV. These results are shown in Figs. 3.9 (a-d) along 
with their linear fits. Our experimental data in nucleus-nucleus collisions have also been 
compared with the hadron-nucleus and nucleus-nucleus collisions. The values of the 
fitted parameters are listed in Table 3.5 along with P-Em results [43]. The following 
conclusions may be drawn from theses plots and the table: 
(i) It is evident from the figures that the values of <Ns> increase with increasing values of 
Nb, Ng and Nh observed in ^*Si-Em interactions. However, no such positive correlation is 
observed for p-Em collisions. 
(ii) A clear saturation is observed in the values of <Nb> vs. Ng plots around Ng ~ 13 and 
10 respectively in case of ^*Si-Em interactions. Similar trend has also been reported in 
proton data. A similar result has been obtained for proton-emulsion collisions at 400 GeV 
and pion-nucleus collisions at 200 GeV [45]. It is also observed that <Nb> increases with 
Ns for our data, whereas a negative correlation is observed in case of P-Em collisions, 
(iii) The variations of <Nb>, <Ng> and <Ns> with Nh show a linear increase in the present 
study, whereas in P-Em collisions, a strong correlation between (<Nb>, <Ng>) and Nh has 
been found and there is a negative correlation between <Ns> vs. Nh. 
(iv) The correlations between the multiplicities of slow particles, Nb, Ng and Nh seem to 
depend on the nature of the incident particle. 
(v) The <Ns> at fixed Nb, Ng and Nh is larger for nucleus - nucleus collisions than for 
hadron-nucleus collisions. 
(vi) The dependence of <Nc> and <Nch> at fixed Nb, Ng, Ns and Nh are strongly 
correlated for nucleus-nucleus collisions for our data as well as other workers [3]. 
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Fig 3.9 (a-d): Multiplicity correlations of various charged particles 
produced in the interactions of '^Si-Em at 14 6A GeV 
Table 3.5 Values of inclination coefficients in various multiplicity correlations. 
Collisions 
"Si-Em 
"Si-Em 
"C-Em 
P-Em 
"Si-Em 
"Si-Em 
"C-Em 
P-Em 
"Si-Em 
"Si-Em 
"C-Em 
P-Em 
Ns 
"Si-Em 
"Si-Em 
"C-Em 
P-Em 
Energy 
A GeV 
146 
4 5 
4 5 
4 5 
146 
4 5 
4 5 
4 5 
14 6 
4 5 
4 5 
4 5 
14 6 
45 
4 5 
4 5 
<Nb> 
— 
— 
— 
— 
1 18±0 02 
0 68+0 09 
0 66±0 07 
1 09±0 02 
0 75±0 09 
0 64±0 04 
0 54±0 04 
0 60+0 01 
0 21±0 08 
0 42±0 07 
0 23±0 06 
0 01±0 04 
<N,> 
0 47±0 07 
0 52±0 03 
0 58±0 07 
051±001 
— 
— 
.... 
— 
0 69±0 07 
0 63±0 02 
0 55±0 06 
0 40±0 01 
0 14±0 05 
0 32±0 01 
0 56±0 04 
-0 04±0 04 
<K> 
1 46±0 01 
1 32+0 11 
1 54± 10 
-0 0310 01 
1 78±0 04 
1 62±0 12 
1 12±0 1l 
-0 06±0 01 
— 
— 
— 
— 
0 34+0 01 
0 46+0 01 
0 75+0 06 
— 
<Ns> 
1 20±0 02 
1 54±0 17 
1 23±0 18 
1 52±0 02 
2 25±0 03 
2 23±0 49 
1 98±0 33 
1 97±0 02 
0 53±0 04 
0 36±0 02 
0 47±0 05 
-0 02±0 0l 
— 
— 
— 
<Nc> 
1 69±0 03 
— 
— 
— 
2 87±0 15 
— 
— 
— 
0 95±0 12 
— 
— 
— 
1 33±0 02 
— 
— 
— 
<N.N> 
2 70±0 03 
— 
— 
— 
4 02+0 36 
— 
— 
— 
1 31±0 43 
— 
— 
— 
1 34±0 02 
— 
— 
— 
Ref. 
Present 
work 
[3] 
[3] 
[43] 
Present 
work 
[3] 
[3] 
[43] 
Present 
work 
[3] 
[3] 
[43] 
Present 
work 
[3] 
[3] 
[43] 
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3.6 ANGULAR DISTRIBUTION OF SLOW AND RELATIVISTIC 
PARTICLES 
3.6.1 Angular Distribution of Slow Particles 
The angular distribution of target fragments, i.e. grey and black particles produced in 
the interactions of ^^Si-Em at 14.6A GeV, '^'Si-Em and '^C-Em at 4.5A GeV respectively 
are shown in Fig. 3.10 (a and b). In order to compare these distributions the results due to 
a-Em collisions at 4.5A GeV [33] and P-Em interactions at 3.0 GeV [46] are also given 
in the same figure. From these figures one may notice that both these distributions are 
independent of mass of the beam nuclei and further it may be noted that no peculiarity or 
bump structure is observed which may indicate the occurrence of nuclear shock wave 
phenomenon and/or any abnormal phenomenon. The forward and backward hemispheres 
o o 
are defined as the regions where emission angles are less than 90 (0 < 90 ) and greater 
than 90° (G > 90°) respectively. The forward (9 < 90°) to backward (9 > 90°) ratio for 
these distributions are calculated and presented in Table 3.6. A weak dependence of 
forward/backward (F/B) ratio on the mass of the projectile is observed in the distributions 
of target fragments, which show an increase in the collisions impact with increasing mass 
of projectiles. It may be further concluded that black tracks are emitted nearly 
isotropically in the laboratory system. A slight increase in the forward direction is 
observed, whereas grey tracks are emitted largely in the forward direction. 
Table 3.6 Values of the forward/backward ratio of angular distribution of 
the produced particles in nuclear collisions. 
Projectile 
^»Si 
'^^ Si 
'^ C 
'•He 
P 
Energy 
(A GeV) 
14.6 
4.5 
4.5 
4.5 
3.0 
Shower 
18.06 ±0.57 
39.08 ±2.39 
38.93 ±3.21 
11.50 ±0.66 
10.51 ±1.40 
Grey 
4.78 ±0.21 
5.29 ± 0.24 
4.69 ±0.18 
3.00 ±0.10 
3.36 ±0.20 
Black 
1.37 ±0.09 
1.84 ±0.06 
1.49 ±0.04 
1.42 ±0.04 
1.30 ±0.05 
Ref. 
Present 
[8] 
[8] 
[20] 
[20] 
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Fig. 3.10 (a & b): Angular distribution of charged secondaries 
produced in various interactions at high energies. 
3.6.2 Angular Distribution of Relativistic Charged Particles 
The angular distributions of shower particles produced during the collisions of ^*Si-
Em at 14.6A GeV along with the data obtained by other workers [8,3] at 4.5A GeV in the 
interactions of ^^Si-Em, '^C-Em, a-Em and P-Em respectively are shown in Fig. 3.11. It 
may be seen from the figure that the angular distributions of relativistic hadrons are 
almost similar and prominent peaks are observed at smaller angles. The prominent peaks 
observed in smaller angle range of these distributions may be attributed to the surviving 
fragment of the projectile nucleus with fragment charge Z = 1, superimposed over the 
uniform distributions. 
Furthermore, we have calculated the forward^ackward ratio for the relativistic 
shower charged particles, which is given in Table 3.6. A strong dependence of F/B in 
case of relativistic charged secondaries shows that these are closely associated with 
projectile nucleons. 
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Fig. 3.11: Angular distribution of shower particles produced 
in various interactions at different energies. 
3.7 PSEUDO-RAPIDITY DISTRIBUTION 
The single particle pseudorapidity distribution is one of the basic tools to study the 
angular characteristics of heavy ion collisions at high energies. Although it is a one-body 
distribution, which could provide us with substantial information about the geometry 
and/or dynamics of collisions. The pseudorapidity, T], of a particle is calculated by the 
relation rj = -\ntandg , where 0g is the space angle of produced particles with respect to 
the mean direction of beam. The detail of the variable pseudorapidity, r], may be found in 
section 2.9 of chapter 2. 
Fig. 3.12 shows the normalized pseudorapidity distributions (i.e. the particle number 
densities in rapidity space) of the secondary charged shower particles emitted in the 
interactions of ^^Si-Em at 14.6A GeV. In the same figure the results obtained from the 
interactions of ^^Si-Em and '^C-Em at 4.5A GeV [3] along with the result of '^O-AgBr at 
3.7, 60 and 200A GeV [48] respectively have been shown for comparison. One may 
notice that the r|-distributions are completely scaled in the region of smaller values of x] 
and also found to be independent of mass of incident beam whereas weak energy 
dependence has been found in this region. The distribution is broader for higher mass as 
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well as beam energy. The height of the centroid increases many times in the case of 
nucleus-nucleus collisions with respect to the proton-nucleus collisions [33]. 
The variation of probability distributions of relativistic charged shower particles 
produced per unit rapidity, P{N^,TJ) = {\INg){dnldrj), with pseudorapidity, rj, have 
been shown in Fig. 3.13 for the collisions of ^^Si-Em at 14.6A GeV along with the 
collisions of ^^Si-Em, '^C-Em and P-Em at 4.5A GeV respectively. The distributions are 
normalized for total number of hadrons produced in each sample. From this figure one 
may notice that the distributions are almost completely scaled for the entire region of r| 
except for large rj-values where a mild projectile dependence is seen. It may fiirther be 
marked that the position and height of the centroid remains same in all the cases. Thus, 
one may conclude that the multiparticle production at all angles in the laboratory frame is 
same in nucleus-nucleus and hadron-nucleus collisions at different projectile energies. 
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Fig. 3.12: Pseudorapidity distributions of the shower charged particles 
produced at various energies and red one for present data. 
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3.7.1 Rapidity Gap Distribution 
The study of the correlation behaviour amongst the relativistic particles helps to 
investigate the mechanism of muitiparticle production in high-energy heavy ion 
collisions. This is achieved by examining the correlations for various rapidity intervals. 
Occurrence of clustering amongst charged secondary particles would convincingly reveal 
that the secondary particles emitted in hadronic interaction at high energies arise through 
the decay of clusters. The rapidity gap is defined as the difference in rapidity between 
neighbouring final state particles when the pseudorapidity, r\, (= -In tanOs where 9s is 
space angle of shower particle w.r.t. projectile) of all the charged particles in each 
interaction are arranged in increasing order (r | i<ri2<ri3< r)n). The difference ri,+i-
T], is known as two particle rapidity gap, where i can have values 1, 2, 3,....n - 1. 
Similarly, ri,+2- r|, gives three particle rapidity gap, where i = 1, 2, 3,...n -2 and so on. In 
order to eliminate the contribution due to diffraction dissociation, the secondary particles 
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on each end of the rapidity space have been excluded from the analysis, because they are 
leading and target particles. 
Fig. 3.14 depicts two particle rapidity gap distributions of relativistic shower 
particles produced in ^*Si-emulsion collisions at 14.6A GeV. The presence of sharp peaks 
at relatively smaller values of rapidity gaps(r) in the above distributions provides 
convincing evidence in support of the existence of short-range correlations, which in turn 
reveals that the relativistic particles are produced through the formation and decay of 
clusters [49]. Similar results have been reported in hadron-hadron, hadron-nucleus and 
nucleus-nucleus at different energies [49,50]. The rapidity gap distribution at high energy 
can be well represented by the two-channel generalization of the Chew Pignotti model 
[51] of the form: 
dn/dr^A exp(-5r) + Cexp(-Dr) (3.7) 
where dn/dr is the cluster density and B denotes the strength of correlation. The values 
of A, B, C and D appearing in Eqn. (3.7) are determined with the help of CERN standard 
programme MINUIT and the best fit equations for Si-Em data with x /DF as 0.43 and 
1.37, is given by: 
dn/dr = (4.39 ± 0.07)exp(-l 1.65r ± 0.37) + (0.68 ± 0.06)exp(-2.53r ± 0.058) (3.8) 
The first term in Eqns. (3.8) represents the short-range correlation and contributes 
significantly. The second term represents the long-range correlation and this does not 
play any important role in particle production. The continuous curves in the Fig. 3.14 
represents Eqns. (3.8) and the dashed lines give the individual contributions of the two 
terms appearing in (3.8). As is evident from the figures that the maximum contribution to 
the correlation comes from the first term indicating a strong short-range correlation while 
the contribution of second term is quite small giving the poor indication for the long-
range correlation. 
3.7.2 Cluster Size 
In order to find the cluster size in pseudorapidity space, Adamovich et al. [52] have 
suggested the following relations: 
dn/dr = exp{-pmr) (for small r) (3.9) 
dnl dr = exp {-p r) (for large r) (3.10) 
where p and m are, respectively, the cluster density and cluster multiplicity defined as 
the number of charged shower particles in a cluster. The ratio B/D gives the value of m, 
which is found to be 4.61 and 5.10, respectively for ^*Si-Em data using Eqns. (3.8). From 
the survey of literature, it is noted that the values of m lie between 3 and 4 at different 
energies in hadron-hadron and hadron-nucleus collisions [53], which show that the 
cluster size is independent of projectile energy and type of interactions. The value of m in 
AA collisions is found to be more than hadron-hadron and hadron-nucleus collisions. 
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Fig. 3.14: Two particle rapidity gap distributions in 
28 the interaction of Si-Em at 14.6A GeV/c 
3.8 KNO SCALING 
The study of multiplicity distributions of hadrons produced in high-energy particle 
collisions has been made extensively in hadron-hadron, hadron-nucleus and nucleus-
nucleus interactions in the past, since such studies are useful in understanding the 
production processes involved. Koba, Nielsen and Olesen [54] have predicted that the 
multiplicity distributions of the produced particles in high-energy in a certain collision 
should exhibit a simple scaling law known as KNO scaling when expressed in terms of 
the scaling variable Z (= N, / <N|>), where N, belong to produced particles Ns, Ng and Nb. 
If Pn(S) represents the probability for the production of n charged particles in an inelastic 
hadron - hadron collisions, the multiplicity distributions in high-energy collision at center 
of mass energy, v 5 , then exhibits a scaling law of the form: 
<r„iS) 1 ..J N ' 
^„W = 
mel <N> 
T 
<A^> 
= l /</^>4^(z) ,and ^ P „ ( 5 ) = l (3,11) 
where an(s) is the partial cross-section for the production of n charged particles, amei is 
the total inelastic cross-section and <N> is the average number of charged particles 
produced. The KNO scaling thus implies that the multiplicity distribution is universal and 
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T ( Z ) is an energy independent llinetion at sufficiently high energies when expressed in 
terms of scaling variable Z. 
The other consequences of the KNO scaling are given as: 
(i) The normalized moments, C\ = < N^ > / < N >'' of the multiplicity distributions 
become independent of projectile energy, 
(ii) It leads to D/<N.s> = constant; provided *^F(Z) is not a delta function. 
(iii) Central moments, \[Ji^ = \j(N- < N >)'' of the distribution should have a linear 
relation with the average multiplicity, <n>, of the reaction. 
It has been found by various workers that the empirical expression for T ( Z ) in 
hadron-hadron and hadron-nucleus interactions obeys the semi-inclusive KNO scaling 
starting from few GeV. It is desirable to make similar studies in nucleus-nucleus 
collisions as it is expected that nucleus-nucleus interactions at these energies can be 
visualized as superposition of nucleon-nucleon collisions. Several workers [26,55-56] 
have reported that the validity of KNO scaling holds for the projectile helium particle and 
target black fragments in heavy-ion interactions at Dubna, Bevatron, CERN and AGS 
energies. It has been shown [56,28] that the multiplicity distributions of secondary 
particles due to different projectiles in a wide range of energies in AA collisions can be 
represented by a universal function of the following form; 
T ( z ) - AzQxpi-Bz) (3.12) 
where A and B are constants. 
In order to study the scaling behaviour of shower particles produced in Si-Em 
collisions at 14.6A GeV, we have displayed the graph ^ (Z^ . ) as a function of Zs in Fig. 
3.15. The data points for ^^Si, '^C at 4.5A GeV, '^O at 3.7A GeV, 60A GeV [26,57] and 
S at 200A GeV [16], respectively with emulsion nuclei are also shown in the same 
figure. It is interesting to note that relation (3.12) reproduces the shower particle 
multiplicity distribution well at different energies. One can see that the scaling in the 
form of relation (3.12) seems to qualitatively describe the trend of the multiplicity 
distribution of secondary particles produced in nucleus-nucleus collisions similar to that 
found in hadron-hadron and hadron-nucleus collisions. The values of constants A and B 
are determined with the help of CERN standard programme MINUIT and best fits values 
of the parameters for the data used are A = 11.004 ± 0.038 and B = 2.23 ± 0.076, 
respectively with x^/DF=0.I31, where DF represents degree of freedom. If the 
experimental points from the tail of the curve are not considered due to low significance 
of experimental data, then x^/DF reduces to 0.081, which of course represents a better fit 
and seems to confirm the validity of the universal scaling function. Further, it is 
investigated that the scaling violations are small and data exhibit KNO scaling within 
experimental errors. 
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Fig. 3.15 Shower particle multiplicity distribution in terms of KNO 
scaling in various interactions at different energies. 
The KNO scaling indicates that < Ns> should vary linearly with InS, which is also a 
consequence of the Feynman scaling [58]. To test the validity of KNO scaling, the 
normalized moments, Ck, of multiplicity distributions is defined as: 
C, =<A '^^  > /<A^> ' fork = 2,3,4 (3.13) 
where < N ' ' > = y^N^cr^ I <y,„^i, which should become independent of projectile energy, if 
multiplicity scaling is valid. The values of Ck-moments for k = 2 and 3 of shower 
particles produced in the interactions of ^^Si, "^^ Mg, ' V , and '^C ions in emulsion at 
various energies are presented in Table 3.7. It is clear that the values of C2 and C3 -
moments are found to be independent of masses and energy of the projectiles within the 
experimental errors. On the other hand, the higher moments corresponding to k = 4, 5 
show an increasing trend in their values (not shown in the table) as the mass number of 
the projectile increases. The other consequence of the KNO scaling predicts that the 
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central moments, \[Jii^ = \]<(N-< N >)''> of the distribution should have a linear 
relation with the average multiplicity, <N> of the reaction, which leads to a 
generalization of a linear relation between the dispersion, D(Ns), and the average values 
of <N.s>. The linear variation of D(N.s) {D = [< N/ > - < N^. >"]"") of shower particles 
as a function of <Ns> is illustrated in Fig. 3.16 for present work along with the other 
results [4,33,59,60]. The best linear fit is represented by: 
D = a + fi<N,> (3.14) 
Table 3.7: Values of <Ns>, D(Ns), <Ns>/D and the normalized moments for shower 
particles produced in various collisions. 
Collisions 
(A GeV) 
P-Em 
4.5 
a-Em 
2-10 
"C-Em 
4.5 
"N-Em 
2.1 
''Mg-Em 
4.5 
^'Si-Em 
4.5 
'"Si-Em 
4.5 
"Si-Em 
14.6 
<Ns> 
1.63 ±0.02 
3.06 ±0.28 
7.24 ± 0.89 
8.85 ±0.28 
12.37 ±0.22 
15.64 ±1.23 
15.32 ±0.22 
21.3410.15 
D(Ns) 
1.08 ±0.02 
2.49 ± 0.04 
4.88 ±0.38 
5.59 ±0.17 
7.02 ± 0.02 
11.91 ±0.63 
10.08 ±0.22 
11.56 ±0.97 
<Ns>/D(Ns) 
1.51 ±0.03 
1.23 ±0.11 
i.48±0.i2 
1.58 ±0.07 
1.76 ±0.03 
1.31 ±0.07 
1.52 ±0.00 
1.85 ±0.16 
C2 
1.44 ±0.02 
1.44 ± 0.04 
1.46 ±0.01 
1,40 ±0.05 
1.32 ±0.08 
1.57 ±0.02 
1.46 ±0.11 
1.29 ±0.09 
C j 
2.55 ± 0.09 
2.55 ± 0.09 
2.66 ±0.03 
2.58 ±0.11 
2.11 ±0.28 
3.18±0.13 
2.81 ±0.20 
2.10 ±0.02 
Ref. 
[61] 
[33] 
[3] 
[59] 
[56] 
[3] 
[42] 
Present 
work 
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Fig. 3.16: Variation of dispersion D(Ng) as a function 
of <H> at various energies. Experimental data are taken from 
various references. 
with slope value as (0.546 ± 0.004). The best straight line drawn, satisfy the data with 
reasonable confidence level and passes through the origin. The value of the slope in 
similar case of proton-nucleus interactions reported by Gurtu et al. [62] is (0.64 ± 0.02). 
It may be observed that the increase of dispersion with < Ns> in case of pp interactions^^^ 
is slower than those for proton-nucleus and nucleus-nucleus collisions. This behaviour 
indicates that some cascading within nucleus takes place, which is not observed in pp 
interactions. The values of <Ns>/D for our data along-with other results are also given in 
Table 3.7. An interesting observation can be seen from Table 3.7 that the values of < 
Ns>/D for different projectiles and targets are approximately equal to that observed in 
hadron-nucleus interactions [62]. This feature may indicate that essentially there is a 
similarity for the production mechanism of two types of collisions. Furthermore, the 
agreement between hadron-nucleus and nucleus-nucleus collisions results suggests that 
A-A collisions can be explained as the superposition of many nucleon-nucleon (N-N) 
interactions, which is predicted by superposition models. 
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28 
The mukiplicity distributions of slow and fast target associated particles produced in 
Si - emulsion collisions at 14.6A GeV have been investigated in the form of KNO -
scaling. A plot of 4^(z) as a function of scaling variable Z (= N /< N >) for these medium 
energy target associated protons is shown in Figs. 3.17 (a & b). The experimental points 
for ^^Si, '^C at 4.5A GeV, '^O at 3.7A GeV and 60A GeV [57,25] respectively are also 
shown in the same f^igure. The solid curve in the figure is well represented br Eqn. 
(3.12). i^ K» "^*" - ^'67S. 
0.1 
> ^ 
0.01 
T—f-
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^'Si-Em 4.5A GeV 
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Fig. 3.17 (a): Multiplicity distribution of fast target associated 
protons in terms of KNO scaling in the interactions of ^ ^Si-Em, 
'^ C-Em, and ^®0-Em at 4 5, 3.7, and 60A GeV/c with present 
work at 14.6A GeV 
One can observe from the figures that the multiplicity distributions of slow and fast target 
associated protons in nucleus-nucleus collisions at different energies are well described 
by Eqn. (3.12) for different projectiles and seems to satisfy the scaling function. The best 
values of A and B are also found to be 11.00 ± 1.04, 2.14 ± 0.09 and 9.57 ± 1.09, 2.29 ± 
0.09 respectively, for slow and fast target associated protons. The corresponding values 
of 1 /DF are found to be 0.52 and 0.99, respectively, which indicates that the fitting is 
good for different projectiles at different energies in case of slow protons but a small 
Chapter -3 Study of General Characteristics of. 78 
deviation from exact scaHng can be seen for fast target associated protons in Fig. 3.17 (b). 
It is difficult to give any physical explanation of the multiplicity scaling for slow and fast 
protons and hence can be regarded as an empirical observation. 
0.1 
^ 
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Fig. 3.17 (b): Multiplicity distribution of fast target associated 
protons in terms of KNO scaling in the interactions of ^ ^Si-Em, 
'^C-Em, and '®0-Em at 4.5, 3.7, and 60A GeV/c with present 
workat14.6AGeV. 
3.9 MULTIPLICITY CORRELATIONS IN TERMS OF MAXIMUM 
FLUCTUATIONS 
The existence of multiparticle phenomena provides valuable informations about the 
processes involved in nuclear collisions at ultrarelativistic energies. Global features such 
as multiplicity and pseudorapidity fluctuations of relativistic charged particles can be 
described to a good approximation by various models [63] based on multipions 
production in h-h, h-A and A-A collisions at very high energies. The event-by-event 
study of produced charged particles gives an idea that these particles are assumed to be 
emitted in a correlated way [64]. The reason for such type of correlation behaviour, 
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suggested by various theoretical physicists [65 and references therein], might be due to 
the production of resonance phenomena and the formation of a newly state of matter 
called quark gluon plasma (QGP) [66]. The study of the experimental results reveals the 
formation of clusterization, which may be the main cause of such correlation effect. In 
view of this, the study of correlation and clusterization of relativistic charged particles in 
such processes is used as a tool to extract vital information. 
In order to analyse the dynamical fluctuations in the pseudorapidity distributions of 
r|-phase space and azimuthal angle (^-phase space, the following method has been used. 
The pseudorapidity of all the relativistic charged particles are arranged in increasing or 
decreasing order for particular events as well as for whole data. For each event r|-values 
are examined with a fixed rapidity intervals, Ar), over the full range of ri-values and the 
number of relativistic shower particles in each r|-window of interval, Ar), are determined. 
The maximum particle density, /o,,,^ ,, is defined by [68]: p^^^^ =^"ma'c /A;; in each r|-
window, where AA?,^ ^^  is the maximum number of particles in each event within rapidity 
intervals, Ar). Similar procedure has been adopted in case of uncorrelated events 
generated by Monte Carlo simulation [67]. It is characterized to obtain the dynamical 
correlations of fluctuations. 
The normalized distributions, {\lN^^dnldp^^^)as a function of p^^^ for various 
fixed AT] values, Ari = 0.1, 0.4, 0.7 and 1.0 are depicted in Figs. 3.18 (a-d) for the 
interactions of 14.6A GeV/c Si nuclei with nuclear emulsion in r|-space and ^-space, 
respectively. Monte Carlo simulated result is also shown in the same figures. From these 
figure one can examine that the distributions tends to become wider and have longer tails 
with decreasing bin width, Ar), for both the space. The normalized distributions for \\-
space are quite same as the distributions for ^-space. Some deviations between 
experimental and simulated data are observed, which indicates that pions are emitted in a 
correlated fashion for our data. The average values of the maximum particle density, 
<Pmax >' 3"d dispersion, /)(/?,„„), for each distribution are given in Table 3.8. It may 
be of interest to mention that the experimental values of < p^^^ >, and D{p^^) in (j)-
space are comparatively higher than those for ri-space and as well as Monte Carlo 
simulated events. The observed higher values of the two parameters in comparison to the 
corresponding values for the correlation free simulated events, in turn, reveal the 
occurrence of higher particle densities in small i^-windows for the experimental data. 
Thus our data support the presence of dynamical correlations and clusterization within 
pseudorapidity intervals in relativistic nucleus-nucleus collisions. 
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Fig. 3.18 (a-d): Distributions of l/N(dn/dpmax) as a function of maximum particle 
density p^ ax for *^Si-Em collisions at I4.6A GeV. 
Table 3.8: Values of <pmax >, and D(pmax) in nucleus-nucleus collisions. 
Type of 
Interaction 
7] -Space 
^'Si-Em 
I4.6AGeV 
^-Space 
^*Si-Em 
14.6AGeV 
MC-data 
A77 
0.1 
0.4 
0.7 
1.0 
0.1 
0.4 
0.7 
1.0 
0.1 
0.4 
0.7 
1.0 
< Pmax > 
23.3±2.2 
15.7±1.2 
10.1 ±0.9 
7.04±0.5 
24.4±2.7 
16.311.7 
10.9±0.8 
8.0+0.6 
22.911.9 
14.110.9 
9.1+0.6 
6.410.4 
^ ( P . a x ) 
13.311.0 
8.2+0.7 
6.210.6 
4.910.5 
14.611.0 
9.010.8 
6.910.5 
4.710.4 
12.710.9 
7.911.1 
6.010.8 
4.210.4 
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Fractal Behaviour of Target Fragments in the 
Interactions of ^^ Si-Em Collisions at 14.6A GeV 
4.1 INTRODUCTION 
The unusually large non-statistical particle density fluctuations in small phase space 
regions have attracted a lot of attention in relativistic nuclear collisions to understand the 
mechanism of particle production. Several theoretical and experimental groups have 
suggested different methods to identify the existence of non-statistical fluctuations. 
Bialas and Peschanski [1] were the first to introduce the most suitable method known as 
scaled factorial moments (SFMs) to study the non-statistical fluctuations in the 
distributions of relativistic shower particles produced in high-energy collisions. The 
proposal of these factorial moments was made in analogy with the phenomenon known as 
intermittency in the hydrodynamics of turbulent fluid flow. On the other hand R.C. Hwa 
and J.C. Pan [2] also first suggested a modified multifractal moments to extract the 
dynamical fluctuations in such heavy ion collisions. In high-energy physics, the power 
law behaviour of the scaled factorial moment is known as intermittency where as power 
law behaviour of the modified multifractal moment is known as multifractality. One of 
the possible characteristics of the scaled factorial moment and modified multifi-actal 
moment analysis is that it can detect and characterize the dynamical fluctuation and it is 
also capable of filtering out the statistical noise. In these methods, the scaled factorial 
moments, F^, and modified multifractal moments, G^, are computed as a function of 
decreasing phase space size. The values of F^ and G^ for purely statistical fluctuation 
saturate with decreasing phase space size, whereas in dynamical fluctuation, F^ and G^ 
moments are supposed to increase with decreasing phase-space size and exhibit a power 
law behaviour of normalized factorial moments, F^ and G^. However, ordinary 
multiplicity moments (< «'' > / < « > ' ' ) method is used to demonstrate different features 
of multiplicity distributions and is unable to reveal the existence of dynamical fluctuation 
due to significant contribution of the purely statistical fluctuations. 
The possibility of observing a new state of quark matter [3] has developed a lot of 
interest in the study of relativistic nucleus-nucleus collisions. The recent lattice QCD 
calculations [4] predict a phase transitions of nuclear matter of confined hadrons into a 
quark-gluon plasma (QGP) at a sufficiently high temperature (200-220 MeV), high 
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energy density of the order of 3 GeV/fm^ and/or high baryon density (> 0.5/fm ). It is 
widely believed that the strong interacting matter in these violent collisions undergoes a 
transition, temporarily, to a deconfmed quark-gluon plasma (QGP). Initially, there was a 
strong speculation that the origin of intermittent type of non-statistical fluctuation was 
thought to be the result of the phase transitions from QGP to normal hadronic matter in 
relativistic nucleus-nucleus collisions. But there is no experimental evidence for the 
formation of quark-gluon plasma in low energy nucleus-nucleus collisions. Further, no 
conclusive evidence for the formation of quark-gluon plasma has been found in nucleus-
nucleus collisions at ultra-relativistic energies also [5]. Therefore the interpretation of 
intermittency can no longer be related with QGP formation. Only future experiments 
would clarify the situation. It has been suggested that the Bose-Einstein (BE) interference 
[6] and presence of random cascade mechanism or short-range correlations may be 
responsible for the origin of intermittency. 
There is a strong feeling that the BE interference can play a role in dynamical 
fluctuations. This correlation arises due to the symmetric wave functions of identical 
bosons in BE statistics. Increase in the value of the factorial moments, F,^ , with 
decreasing phase-space size could be explained on the basis of the above correlations 
between equal charged particles. The phenomenon of intermittency would be stronger for 
equal charged particles than for all charged particles. Analysis of some experimental 
results [7-9] shows that BE effect cannot be considered as the main source of 
intermittency, especially in e* e~ annihilation [10], lepton-hadron [11] and hadron-
hadron collisions [12]. No such data are available for nuclear collisions. However, 
EMUOl data exclude the possibility of BE correlations as a dominant source of 
intermittency in heavy ion collisions [13]. 
It has been observed that the intermittent behaviour is clearly explained due to short -
range correlations [13. 14] for lower order of moments. The intermittency has also been 
observed in a variety of collision processes and therefore it may be considered as a 
general property of multiparticle production. However, no single mechanism could 
explain the observed intermittency in various collision processes. So a detailed study is 
required to understand the intermittency more rigorously. 
Until now, most of the works on dynamical fluctuations in high-energy nuclear 
collisions is carried out with great interest on the produced shower particles mostly pions, 
because it is assumed that these pions carry most of the information about the collision 
dynamics in multiparticle production. However, only little effort has been done to study 
the behaviour of the intermittency and multifractality of nuclear fragmentation processes. 
It is believed that in high-energy nucleus-nucleus collisions, the emission of fast and slow 
target-associated particles takes place at a relatively later stage of the collisions. These 
fast protons known as grey particles in the energy range 30 to 400 MeV wilh relative 
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velocity 0.3 < (i < 0.7 are quickly ejected initially, whereas slow protons and other 
heavier fragments with energies < 30 McV and relative velocity (i < 0.3 are produced as a 
result of the evaporation processes. It is expected that these target-associated protons are 
believed to carry relevant information about the dynamics of the emission process. 
Therefore an attempt has been made to investigate the intermittent behaviour and fractal 
properties of emission spectra of fast and slow target associated particles from Si-
emulsion interactions at 14.6A GeV using nuclear emulsion. It is also expected that such 
studies will not provide a unified description of the whole production processes, but such 
study may provide an additional parameter to understand the dynamics of particle 
production process. In addition to this, the variations of the anomalous fractal 
dimensions, d^^, and the generalized dimensions, D^, with the order of the moments, q, 
are investigated with the help of F^ and G moments. Some interesting conclusions 
regarding multifractal specific heat and the occurrence of non-thermal phase transitions 
are presented. Finally, an important exercise has been made regarding the erratic 
fluctuations in target fragments for the present data. 
4.2 MATHEMATICAL APPROACH 
In order to get more information about the production mechanism in high-energy 
heavy-ion collisions, the multiplicity distributions of the produced particles were studied. 
If the production of particles takes place independently of each other then multiplicity 
distribution represents Poisson distribution. On the contrary, if the production of a 
particle enhances the probability to produce other particles, then multiplicity distribution 
is broader than the Poisson's distribution and its scaled factorial moments (SFMs) are 
larger than 1. The same thing should also happen for the multiplicity of particles 
produced in limited cells of the phase-space. It is believed that the multiplicity 
fluctuations in small phase-space bins can reveal important aspects of the multiparticle 
production mechanism such as intermittent pattern of fluctuations [1,15,16]. 
For the study of some worth mentioning informations about the non-statistical 
fluctuations in cos 0 -distributions, of fast and slow target associated particles in a given 
cos 6" interval of total length Acos^ = cos&^^^ -cos^^,„, is divided into M bins of equal 
width, ^cos^ = AcosO/ M . Depending on the type of averaging, two types of moments 
are defined as: 
(i) Horizontal Scaled Factorial Moments and 
(ii) Vertical Scaled Factorial Moments. 
4.2.1 Horizontal Scaled Factorial Moments 
A horizontal scaled factorial moments (SFMs) of different orders q are defined as 
[1,17,18]: 
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jr" ^^^^,->f".A^,.,-^) K , - ^ / + i) (4 J. 
frt A ' (^ - i ) (^-^/ + i) 
where «,„ is the number of grey or black tracks in bin m (m = 1, 2, 3....) and N represents 
the total multiplicity of grey or black particles in a particular event in the cos^ intervals 
Acos^. 
For an ensemble of events of varying multiplicity the above relation reduces to 
[19,20]. 
fH _,^^.Hy"A'^,„-^) K-g + 1) M2) 
where < A'' > represents the mean multiplicity of the grey or black tracks in the angular 
interval Acos^ = MS cos 0 . 
On averaging over the number of events in data sample, one can get: 
, ^ ^ , - ^ " ' y f"An„,-\) K,-^ + i) 
'^ ev N„ m = l < yV > 
It has been shown [1] that for a smooth angular distribution of grey and black 
particles not exhibiting any fluctuations other than the statistical ones, < F > is 
essentially independent of the angular bin width ScosO in the limit ^ c o s ^ - > 0 . 
However, if the fluctuations are dynamical in nature, then in the limit of small bin size, 
the scaled factorial moments would obey [1] the following power law: 
Acos^"""' 
.^cos^ 
The power-law dependence of the scaled factorial moments on the number of bins 
represented by the above relation is known as intermittency. Observation of such a power 
law may indicate a cascade mechanism of multiparticle production. 
The power law predicts a characteristic linear rise of In < F^ > as a function of In A/ 
which is represented by the following relation: 
l n < f ; ' ' > = a^ InM + C (4.5) 
where a^, which measures the strength of intermittency is called the intermittency 
exponent and C is a constant. The intermittency exponent, a^, is obtained by performing 
best fits according to Eqn. (4.5). 
A l n < F / > 
The scaled factorial moments are sensitive to the shape of the angular distribution. 
Thus for a non-flat angular distributions, varying within a finite bin of width Scos9, 
introduces an extra M-dependent correction factor, R^, which is given by [20,21]: 
<F" > = (M)"' = ( fo r^cos->0) (4.4) 
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/^.=^^'"I--V (^ -^^ 
,~ <n>'' 
' < " , „ , ' • > " 
where < n„, > ^ ^-Y "" - (4.8) 
Thus the corrected scaled factorial moments are calculated as: 
< !\ > 
<F >'""•'= ^ (4.9) 
K, 
The correction factor, R^^, however becomes insignificant in the case of flat distributions. 
The intermittency exponent, or,^ , increases with increasing order of q of the moments^ 
however, for a random uncorrelated particle production, <F^> should be constant for all 
values of q showing the absence of non-statistical fluctuations. The power law behaviour 
of the scaled factorial moments can also be interpreted in terms of fractal properties of 
underlying physical process. Thus it is possible to study a relation between anomalous 
fractal dimension, d^, of fractals and multifractals in terms of intermittency exponents, 
a^i, with the help of the following relation [22]: 
d , = ^ (4.10) 
q-\ 
Independent values of the anomalous fractal dimension, d^, for different q will show 
the existence of monofractality, whereas in case of multifractality an order dependence of 
q is observed. 
The power law behaviour of < F^ > on M reveals self-similarity and in general it 
indicates the existence of fractal properties which are called multifractals. According to 
the fractal theory, self-similar systems are characterized by infinite spectrum of non-
integer generalized dimensions, D^. Therefore, the generalized dimensions, D^, that 
characterize multiparticle production process can be determined from F^-moments 
analyses using the following relations: 
(9-1) 
or, D^=\-d^ (4.11) 
The monofractal structure of multiparticle spectra will show constant D^ values, which 
are associated with some collective phenomena (i.e., the formation of quark-gluon 
plasma) whereas the multifractal structures are characterized by decreasing values of the 
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generaHzed dimensions, D^, with increasing order of the moments, q. Decreasing 
behaviour of D^ with q are associated with self-similar cascade process. 
With the knowledge of intermittency index, a^^, the possibility of detecting a non-
thermal phase transition can be obtained by calculating the relevant parameter, A^^, using 
the following relation: 
(«. +1) A , - - ^ ^ (4.12) 
4.2.2 Vertical Scaled Factorial Moments 
Another method known as vertical scaled factorial moment, F^ , analysis is 
suggested to correct for the non-uniform shape of the angular distribution and it is also 
defined as: 
and on performing averaging over all the events the vertical scaled factorial 
moments, < Fj >, would become: 
^^,. ^_ 1 ^ 1 ^^„,K,-i) K - ^ + i) 
where < «', > = / «„,, / 
•''c'v ( = 1 
is the average number of particles in the m"" bins for the entire data set having number of 
events, Nev The two definitions (4.3) and (4.14) become identical if the single-particle 
angular distribution is flat. However, if the distribution is not flat, one should either 
consider vertically averaged moments or apply a correction factor [20,21] to the 
horizontal moments. 
4.2.3 Modified Multifractal Moments, G^ 
Different methods have been used for studying the fractal nature of particles 
produced in multiparticle production system at high-energy heavy ion collisions. R.C. 
Hwa, C.B. Chiu and W. Florkowski [23,24] proposed an approach in terms of 
multifractal moments, G^, which can reveal the multifractal behaviour of the particle 
spectra. But for low multiplicity events, these multifractal moments are dominated by 
some statistical noise. Due to this fact, R.C. Hwa and J.C. Pan [2] first modified the old 
definition of multifractal moments, G^, (old and modified, G^, moments may be seen in 
section 5.2.2 of Chapter 5) by introducing a step funcfion which can act as a filter for the 
Chapter-4 Fractal Behaviour ol Target I'ragments '>() 
low multiplicity events. The modiiled multifractal, G,^-moments is used to minimize the 
contribution of statistical fluctuations. 
4.3 RESULTS AND DISCUSSIONS 
4.3.1 Variation of In < F^ >""'' with In M 
The whole cos <9-phase space has been divided into number of partitions M = 2-30, 
and the corrected scaled factorial moment < F >'"" for the order of moments q = 2-6 are 
calculated using Eqn. (4.9) for grey and black tracks producing particles respectively, in 
28 
Si-Em mteractions at 14.6A GeV. The dependence In < F^ >""''' on InM is shown in 
Figs. 4.1 (a and b) in cos ^ -phase space for fast and slow target fragments. It is evident 
from the plots that the values of In < F^ >""''' increase with increasing In A/ (i.e. 
decreasing bin size). The linear rise in the values of In < F^^ >""' with In A/ with positive 
slope confirms the existence of intermittency in the emission pattern of target-associated 
particles (i.e. grey and black). The observed increase in corrected factorial moments with 
decreasing bin size clearly contradicts the evaporation model. The solid lines in Figs. 4.1 
(a and b) represent the best-fitted line to data points. The errors shown in above figures 
are estimated by considering them as independent statistical errors only and the effects of 
correlation of statistical errors for different bin sizes have not been taken into 
consideration. The observation discussed readily confirms the signature of intermittency 
in the emission spectrum of fast and slow target associated particles. Similar results have 
been reported by other workers [25-27]. 
In order to check the presence of the statistical fluctuations in target fragmentation 
region, we have compared the experimental data with randomly generated uncorrelated 
Monte Carlo (MC-RAND) of 10,000 events. To see that the linear dependence of 
\n<F^ >""''' on In A/ is not a spurious effect produced by the method itself, the 
uncorrelated MC events are analyzed and the results of this analysis are also depicted in 
Figs. 4.1 (a and b) by the red dotted lines with corresponding experimental data. It is 
observed that the experimental data exhibit the power law behaviour as expected. Monte 
Carlo generated events exhibit no such dependence on InM . This gives an indication for 
the absence of statistical contribution in the experimental data. The flat behaviour in 
Monte Carlo events is expected for independent emission of particles. 
4.3.2 Behaviour of In < G^ > on In M 
In order to examine the dependence of In < G^  >on\nM , the values of the modified 
multifractal moments, < G^  > for q = 2-6 have been calculated using relation 
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< G',^  >= 1 / A ' , , , ( ^ ^ ( " , / ^y * 0{n^ - q)) for fast and slow target associated particles in 
cos6? phase space for '^*Si-Em collisions at I4.6A GeV. The usual meaning of all input 
parameters in the above mentioned relation is already defined in the section 5.2.2 of 
Chapter 5. The variation of In < G,^  > as a function of In M for grey and black particles 
are shown in Figs. 4.2 (a and b) for different q Values in cos 6* phase space. From these 
figures a linear increasing trend is observed in the values of In < G,^  > with decreasing 
resolution of the bin width Scosd (i.e., increasing InM) for all values of q. The linear 
increasing pattern of the modified multifractal moments gives an indication of self-
similarity for the mechanism of particle production process in target fragmentation 
region. Thus the analysis of the present experimental work gives an initial indication of 
fractal nature in multiparticle production system. On the other hand for the sake of 
comparison and/or to know the statistical contributions in the values of In < G^  >, 
10,000 events are generated in cos (9 phase space using the uncorrelated Monte Carlo 
(MC-RAND) model with cos^ values lying between -1 and +1. The values of In < G,^  > 
with uncorrelated Monte Carlo (MC-RAND) have been also plotted in the same figures 
with In M . The generated events show much deviation with experimental values for the 
higher order of moments, q and also represented by dotted lines in the same figures for 
grey and black particles. Similar results have been represented by Bhattacharjee and S. 
Sengupta [2]. 
4.3.3 Nature of Intermittency Index, a^ and Mass Exponent function, T^ 
The values of the intermittency index, a , obtained from the slopes of fitted solid 
lines in Figs. 4.1 (a and b) for various orders of factorial moments along with statistical 
errors for fast and slow target associated particles are listed in Table 4.1. From the table it 
is observed that the parameter, a^, increases with increasing order of moments for grey 
and black particles. Further, it is also observed that the values of a^, are slightly larger 
for the grey particles in comparison to the black particles for each value of q. Thus it can 
be seen that the values of the intermittency index a^, are also higher for highly energetic 
particles. Similar results have been reported by other workers [25,27]. It is evident from 
the table that the values of intermittency indices a^ for our present data are slightly 
larger than the values of theoretical Monte Carlo data points, which reveals the 
predictions of a -Cascade model. 
The least square fitting of the experimental points in Figs. 4.2 (a and b) have been 
done to find the values of the slopes i.e., mass exponent function, r^. The values of mass 
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exponent function, r^ ,^ along with their statistical errors are also depicted in Table 4.2 for 
the order of moments q = 2-6. From this table it is observed that the values of r,^  for both 
particles are found to be higher for the higher order of moments, q. The dependence 
of r on the order of moments, q is shown in Fig. 4.3 for target associated particles i.e., 
grey and black particles along with the values obtained by other workers [28]. It is also 
observed from the figure that the values of r are nearly independent of energy and mass 
of the projectiles as well as target mass. 
Table 4.1: Values of intermittency index, a^, obtained from least square fits of Eqn. 
(4.5) for the experimental data. 
Data set/ 
Energy 
(A GeV) 
'"Si-Em 
14.6 
'"Si-Em 
14.6 
'"O-AgBr 
4.5 
"O-AgBr 
4.5 
'"Kr-AgBr 
0.95 
"Kr-AgBr 
0.95 
Tracks 
Grey 
Black 
Grey 
Black 
Grey 
Black 
a^ 
0.085 ± 
0.004 
0.042 ± 
0.002 
0.030 ± 
0.002 
0.009 ± 
0.004 
0.110± 
0.002 
0.II0± 
0.002 
a, 
0.184± 
0.010 
0.099 ± 
0.006 
0.101 ± 
0.021 
0.041 ± 
0.017 
0.740 ± 
0.010 
0.840 ± 
0.040 
a. 
0.325 ± 
0.017 
0.162 ± 
O.OIl 
0.180 ± 
0.047 
0.094 ± 
0.030 
1.720 ± 
0.010 
2.28 ± 
0.070 
a, 
0.513 ± 
0.024 
0.295 ± 
0.023 
— 
— 
2.700 ± 
0.010 
3.610 ± 
0.100 
« 6 
0.717 ± 
0.035 
0.436 ± 
0.031 
— 
— 
— 
— 
Ref. 
* • 
** 
[25] 
[25] 
[27] 
[27] 
** Corresponds to present work. 
Table 4.2: Values of mass exponent function, r^, obtained from least square fitting of 
graphs plotted between In < G^  > versus In M to the experimental data. 
Data set/ 
Energy 
(A GeV) 
"Si-Em 
14.6 
'"Si-Em 
14.6 
"'Kr-AgBr 
0.95 
Tracks 
Grey 
Black 
Grey 
^2 
0.622 ± 
0.019 
0.690 ± 
0.016 
0.998 ± 
0.023 
h 
1.174± 
0.035 
1.319± 
0.030 
1.384 ± 
0.024 
^4 
1.628 ± 
0.053 
1.868 ± 
0.040 
1.478 ± 
0.053 
^5 
2.063 ± 
0.065 
2.356 ± 
0.049 
~~~~ 
^6 
2.491 ± 
0.077 
2.756 ± 
0.059 
Ref. 
** 
** 
[28] 
** Corresponds to present work. 
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4.3.4 Evidences from the Anomalous Fractal Dimensions dq 
The anomalous fractal dimension [29,30], d^^, is used for the description of fractal 
objects, which can be evaluated by Eqn. (4.10). The formation of quark-gluon plasma in 
thermo-dynamical equilibrium may be responsible for the production of a phase 
transition to the hadron phase [31]. If the phase transition is of second order, the hadrons 
in final state would exhibit intermittent behaviour and the anomalous fractal dimension, 
d^, would be independent of the order of moments. If on other hand the final state 
hadrons are produced as a result of the cascading process, the anomalous fractal 
dimensions d^ would increase linearly with q. The variation of the d^ with the order of 
the moments q are shown in Figs. 4.4 (a and b) for grey and black particles produced in 
the interactions of ^*Si-Em collisions at 14.6A GeV using F^ and G^ moments 
respectively. From the figures it may be noted that the anomalous fractal dimension, d^, 
obtained by both moments F^ and G,^ , increases linearly with the increase of q, and it 
indicates multifractal geometry of the emission spectra of target fragments. This analysis 
will be useful to understand the emission of target fragments, especially the emission of 
black particles. The present investigation shows similar trend as reported by other 
workers for different projectiles and different energies [25-27], 
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4.3.5 Behaviour of Generalized Fractal Dimension Dq vs. q 
The power law behaviour of the scaled factorial moments (SFMs) and also modified 
multifractal moments of the multiplicity distribution on number of bins M reveals self-
similar behaviour and also indicates the multifractal structures. The generalized 
dimensions, D^, a parameter of fractality is calculated with the knowledge of Eqns. 
(4.11) and (5.33) for F^ and G^ moments in the interactions of ^*Si- nucleus collisions at 
14.6 A GeV for grey and black particles. The values of, D^, are plotted in Figs. 4.5 (a 
and b) as a function of order of moments q in cos ^ -phase space for both moments F^ 
and G^-moments respectively. It is obvious from the figures that the values of, D^, 
decrease with the increasing order of the moments, q for both particles. It is seen from 
Table 4.3 that the values of, D^, is always less than 1 for all q for both moments F and 
G^ as well as both particles. The decreasing pattern in the values of, D^, with the order 
of moments, q clearly gives an agreement with the multifractal cascade mechanism [32] 
and this behaviour also indicates that there is no existence of second-order phase 
transition. The findings of these results are similar as reported by other workers 
[25,27,28]. Therefore, the observed scaled factorial moments and G^ -moments analysis 
reveal a self-similarity characteristic in multiparticle production. 
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Table 4.3: Values of generalized dimension D^ for different order of moments. 
Data set/ 
Energy 
(A GeV) 
"Si-Em 
I4.6A 
"Si-Em 
14.6A 
"Si-Em 
14.6 
"Si-Em 
14.6A 
"O-AgBr 
4.5 
'*0-AgBr 
4.5 
"Kr-AgBr 
0.95 
""Kr-AgBr 
0.95 
"Kr-AgBr 
0.95 
Tracks / 
moments 
applied 
Grey 
Fq-moments 
Grey 
Gq-moments 
Black 
Fq-moments 
Grey 
Gq-moments 
Grey 
Fq-moments 
Black 
Fq-moments 
Grey 
Fq-moment 
Black 
Fq-moments 
Grey 
Gq-moments 
D2 
0.915 ± 
0.004 
0.585 ± 
0.035 
0.958 ± 
0.002 
0.635 ± 
0.038 
0.970 ± 
0.002 
0.991 ± 
0.004 
0.890 ± 
0.002 
0.890 ± 
0.023 
0.970 ± 
0.040 
D, 
0.908 ± 
0.010 
0.512 ± 
0.031 
0.951 ± 
0.006 
0.584 ± 
0.035 
0.949 ± 
0.021 
0.979 ± 
0.017 
0.630 ± 
0.010 
0.580 ± 
0.041 
0.730 ± 
0.040 
D, 
0.892 ± 
0.017 
0.493 ± 
0.030 
0.946 ± 
0.011 
0.573 ± 
0.034 
0.940 ± 
0.047 
0.969 ± 
0.030 
0.427 ± 
0.011 
0.240 ± 
0.065 
0.550 ± 
0.040 
Ds 
0.872 ± 
0.024 
0.478 ± 
0.025 
0.926 ± 
0.023 
0.552 ± 
0.033 
"""" 
"""" 
0.325 ± 
0.0.12 
0.098 ± 
0.003 
^ 6 
0.857 ± 
0.035 
0.468 ± 
0.028 
0.913 ± 
0.031 
0.521 ± 
0.031 
~ 
"~~~ 
" 
Ref 
• * 
• • 
** 
• • 
[25] 
[25] 
[27] 
[27] 
[28] 
* • Corresponds to present work. 
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4.3.6 Multifractal Specific Heat 
Recently, a multifractal Bernoulli distribution [33J was introduced to describe the 
transition from monofractality to multifractality, which is also believed to play a crucial 
role in the multiparticle production at high energies. This distribution is also used to find 
some systematic behaviour in the experimental data on fractal parameters of the particles 
produced in heavy ion collisions. The following relation for the multifractal Bernoulli 
functions is given by: 
D,^=D,,+cln(g/(V-l)) (4.15) 
where D is the generalized dimension of order q and c is a constant. The constant 'c' in 
Eqn. (4.15) can be interpreted as the multifractal specific heat of the system provided 
thermodynamical interpretation of the multifractality is used [34]. It is widely believed in 
thermodynamics that the specific heat of gases and solids is constant and independent of 
temperature [35] in a wide range of q. This analogy of constant specific heat 
approximation should also be applicable to the multifractal specific heat. 
In order to find the values of the multifractal specific heat, we have plotted the graph 
for the values of the generalized fractal dimension, Z)^, obtained from F^ and G,^ -
moments analyses against ln(^/ (^- l ) ) in Fig. 4.6 (a and b) for fast and slow target 
fragments produced in Si-Em collisions at 14.6A GeV in cos^-phase space for F^ and 
G^-moments. The straight lines shown in the above figure are best linear fits to the 
experimental points. One can see from the figures that the values of D^ reveal a linear 
increase as a function of \n{ql{q -1)). The linear behaviour in the figures indicates good 
agreement between the experimental data and the multifractal Bernoulli representation. 
The calculated values of multifractal specific heat extracted from the figures are shown in 
Table 4.4 for present data corresponding to F^ and G^  -moments. There is no systematic 
variation in the values of multifractal heat 'c' determined by the F^ and G^-moments 
methods. The values of the multifractal specific heat found by two methods are different. 
The obvious reason for this difference is due to different values of the generalized 
dimension, D^, obtained in the analysis of two methods. This result does not reveal any 
kind of universality with respect to the various interacfions. 
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Table 4.4: Values of multifractal specific heat in target fragmentation region of 
nuclear collisions. 
Interactions / 
Energy 
^"Si-Em 
14.6A GeV 
'"Si-Em 
14.6AGeV 
Particles 
Grey 
Black 
Using Fq 
moments 
0.108 ±0.044 
0.085 ± 0.090 
Using Gq 
moments 
0.334 ±0.120 
0.315 ±0.132 
References 
Present 
work 
Present 
work 
4.3.7 Evidence of Non Thermal Phase Transitions 
It has been observed [29,30] that if the dynamics of intermittency is due to self-
similar cascading, then there is a possibility of observing a non-thermal phase transition, 
which is believed to occur during the collision. If such a non-thermal phase transition is 
present then the function (4.12) should have a minimum at certain value of q = qc, where 
qc is some minimum point in the distribution [13]. The region with q < qc is dominated by 
numerous small fluctuations, whereas the region with q > qc is due to rarely large 
fluctuations. This situation can easily be compared with a mixture of "liquid" of large 
number of small fluctuations and a "dust" consisting of few grains of very large density. 
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The "liquid" and the "dust" phases coexist. The variation of A^  as a function of q for 
grey and black particles produced in "'^ Si-l-jn interactions at 14.6A GeV has been shown 
in Fig. 4.7. The result of ""O-AgBr at 4.5A GeV has also been shown for comparison 
purpose. From the figure we observed that no clear-cut minimum value of 2^ for certain 
value of q has been observed within the limit 2 < q < 6 as reported by other workers 
[36,37]. However, a little deviation of the experimental data from the "no intermittency" 
line {a^ = 0) indicates the presence of a weak intermittency effect in cos^-space for the 
present data. A weak intermittency effect is found due to intermixing of many 
subprocesses during multiparticle production of cascade mechanism. Thus it may be 
concluded that data for grey and black particles do not support a clear evidence for the 
existence of non-thermal phase transition. To get more unambiguous evidence, the 
analysis should be done upto q = 8 with large statistics at high energies and with different 
projectiles. 
Si-Em Grey Particles 
Si-Em Black Particles 
0-AgBr Grey Particles [ref.] 
0-AgBr BaIck Particles [ref.j 
0.15 
Fig. 4.7: Dependence of q^ on order of moments, q in cos9 
phase space for '^Si-Em collisions at 14.6A GeV. 
4.3.8 Scaling Law Nature of Scaled Factorial Moments 
Another consiquence of intermittency is a scaling property of SFM(s) in multiparticle 
production. Seibert [38], proposed that that higher order scaled factorial moments, F , to 
the second order factorial moments, F^, are observed to obey the scaling law. The higher 
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order scaled factorial moments can be expressed in terms of second order moment by the 
relation given as: 
(F - l ) / ^ y ( ^ / - l ) - ( F , - l ) / 2 (4.16) 
Thus the entire functional form of the q"^  -order scaled factorial moments is 
determined by the second order factorial moments. It has been reported [39 and 
references there in] that instead of expanding (F,^  -1) as a function of (Fj -1) InF,^  can 
also be expanded as a function of In F,, giving the scaling law for F,^  by using the Eqn. 
(4.16) in the following form: 
lnF^/^/(7-l) = F , /2 (4.17) 
or, 2 inF / 9 ( ^ - l ) = F, (4.18) 
In order to check the validity of the above scaling law, the values of 
21nF^ /cj{c]-\) for different values of q as a function of In A/ are plotted in Figs. 4.8 (a 
and b) for grey and black particles in cos ^ -phase space. These figures also include the 
results obtained from the interactions of '^0-AgBr and ""Kr-AgBr collisions at energy 4.5 
and 0.95A GeV respectively [25,27], It can be concluded that it favours the scaling 
behaviour, but it is too early to say the universality of the scaling law. To see the 
importance of the scaling nature it would be interesting to further study the scaling law 
with different projectiles and energies. 
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Fig. 4.8 (a and b): Variation 2lnFq(q/(q-l)) as a function of In M for grey and 
black particles in the interactions of *^Si-Em collisions at 14,6A GeV. 
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4.4 ERRATIC FLUCTUATIONS OF NUCLEAR FRAGMENTS 
To study the event-by-events non-statistical fluctuations in target fragmentation, it is 
necessary to have an effective measure of the characteristics of the final state of an event. 
Cao and Hwa [40] first proposed an erratic moments, C^ ,^ , method, which islto study 
both spatial and event-by-event fluctuations in multiparticle production. This method is 
free from the limitations of both the types of scaled factorial moments, as described in the 
Sec. (4.2.1 and 4.2.2) of this chapter, therefore, it is an important method to diagnose the 
chaotic nature of multiparticle production in high-energy heavy ion collisions. The erratic 
moments, C^ ^ , are analytically connected with the entropy index, //,^, a parameter 
suitable for measuring the chaotic behaviour in QCD branching processes. The entropy 
index describes the degree of fluctuation of the SFMs in "the event space as well as the 
spatial pattern of the particles in the final states, and it also characterizes the degree of 
fluctuation of the parton multiplicity that initiates branching. The chaotic nature [41] of 
multiparticle production processes at high energies describes that the entropy indices are 
as operative as the Lyapunov exponents for a classical deterministic nonlinear system, 
and nonvanishing positive values of //^ can be used as a criterion for this purpose. The 
index /j^ has an added advantage in the sense that it can distinguish a branching process 
initiated by a quark from that initiated by a gluon. If the entropy index is of high value, 
the initial parton responsible for a branching process can be identified as a quark, though 
in such a case no quantitative criterion for how large or small value should has yet been 
decided. 
The purpose of erraticity is to get phenomenological information from the 
experimental data that can help us to learn more about the collision geometry in high-
energy physics where the theory is inoperable. The study of erraticity was applied to 
underlying mechanism of multiparticle production in branching processes [ ^ 6 ], 
classical chaos [42], multiparticle production in hadronic collisions [43], NA27 hadron-
hadron collision at 400A GeV [44,45], phase transition [46] and a similar type of analysis 
was also performed to analyze the heartbeat wave from[47]. Many problems of nature 
involve spatial patterns; they can range form phase transition in condensed matter to 
galactic clustering in astrophysics. 
4.4.1 Methodology 
Recently, Cao and Hwa [40] first introduced to measure the spatial pattern of 
particles in an event using normalized factorial moments associated with it. In contrast to 
the horizontally averaged vertical moments, F^ and vertically averaged horizontal 
moments, F" of the q"^  order, they define event factorial moments as: 
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V^^m-l 
(4.18) 
where M is the partition number in phase space, n„) is the number of grey and black 
tracks falling into the m"' bin and q = 2.3.4.... is the order of the moment. 
In the present analysis, the angular distributions of grey and black particles produced 
in target fragmentation region in the interactions of Si-Em collisions at 14.6A GeV is 
converted into a distribution of cumulative variable [48] A'(cos^), which is defined as: 
cost' 
\p (cos 6) d cos 6 
cose, Jf (cos e) = ^ = (4.19) 
cosd 
\ p {cos 0)d COS B 
where cos ,^„,„ and cos^"'"" are respectively the minimum and maximum values of the 
angular distribution for a given value of the cos^ falling in the interval 
Acos^ = cos^,„3^-cos^,„,^ of an individual grey or black tracks in an events. The 
variable X(cos(9) corresponding to single particle density distribution is uniformly 
distributed from 0 to 1 in A'(cos^)-space. 
The event factorial moments, F^', fluctuates from event-to-event, and the degree of 
fluctuation can be estimated from the probability distribution P{F^) over all events. One 
can obtain a distribution P{F^) for the whole sample of events. In the given situation, a 
normalized factorial moments of a single event is defined as: 
F:{M) 
6{M)^ " (4.20) 
' <F;-(M)> 
and </r^^(M)> = - L | ; F ; ( M ) 
where A^ ,^^, is the number of events in a sample and F^ (M) represents the event factorial 
moment describing the spatial pattern of an event. It is important to mention that the 
SFMs first introduced by Bialas and Peschanski [1] to study the intermittency or 
fractality in multiparticle production is only an estimate of the mean of the distribution 
P(F^). It should be realized that the simple mean procedure, apart from its clear 
advantages, suppresses a lot of important information about the fluctuations of spatial 
patterns of final state of multiparticle production. In particular, some interesting effects 
present only in a part of sample of events produced in high-energy collisions, may be 
lost. A possible example of this kind is the quark-gluon plasma. In order to quantify the 
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degicc ot the niictualions, a iievs noimali/ed moments related to the chaotic natiiie ol the 
s>stem IS defined as 1111 
C„,(M) = <^;(M)> -~Y,<I>^,{M) (421) 
where p is any positive real number, it should not be negative, F^^ (M) may vanish for 
some events, if p is negative If C'^,^(M)exhibits-a power law dependence on the number 
of bins M as 
C;,„(A/) oc (M)'"'"", M ->oo (4.22) 
then the phenomenon is referred to as erraticity of non-statistical fluctuations and i^^(p) 
IS called the erraticity exponent and is obtained from the slope of graph plotted between 
C^,^(A/) vs InM The information contained in the scaling function C^^(M) can be 
alternatively displayed through the entropy index, //,^, which is given by [41] 
M.=Y/"^p) (4 23) 
/. = ! 
The derivative of V^ (^p) aX p -I also describes the width of the fluctuation. It has 
been shown by Z. Cao et al, [41] that the entropy index, //^, can be used as a measure of 
chaoticity in the systems, where only the spatial patterns could be observed and the 
presence of chaos in the system could be experienced for positive value of /j^{/u^ > 0). 
The new parameter which is related to /u^, defined in the event space and is also 
known to the entropy as given: 
S'^=\n(N^^M-''') (4.24) 
where N^^ is the number of events. Eqn (4.24) tells us that on increasing the value of 
entropy index, ju^, i.e., the event-by-event fluctuations of the scaled factorial moments, 
the values of 5"^  will decrease. For better understanding of this postulate, Hwa [41-43] 
gave an illustrative example. One can consider two extreme cases: (a) if F^ is the same 
for every event, then S'^ =lnN^/, (b) if only one event has F^i^Q, and ^^"=0 in all 
others, then S'^ -0. Thus, case (b) is more ordered in the event space than (a), that is, it 
is more disordered to spread out an observable (F^ in this case) over all events than to 
confine it to a few events having non-zero values (analogous to the increase of entropy of 
an expanding gas). Thus, S'^ decreases when there is more events with F^ =0, signifying 
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more order in the event space. I'rom l-qn. (4.23), it is now obvious thus //,^  is a measure 
of that decrease which in turn imphes more llucluation in F'^ . 
4.4.2 Analysis and Results 
In the present investigation, the method of erraticity analysis discussed above is 
appHed to ^''Si-Em interactions at 14.6A GeV. The values of cos6* for grey and black 
particles produced in each interaction are converted into cumulative variable, X{cos6), 
given in Eqn. (4.19). In order to calculate the erratic moments, C^,^(A/) for different 
values of M, p and q using Eqn. (4.21), the cumulative variable, X{cos9), has been 
divided into M bins, where M is varied from 2 to 30 insteps of 1 for Si-Em collisions at 
14.6A GeV. The calculated values of lnC^^^(A/) moments for q = 2-4 and p = 0.5, 0.9, 
1.0, 1.2, 1.4 and 1.6 are plotted as a function of \nM'\n Figs. 4.9 (a-c) and 4.10 (a-c) 
respectively for grey and black tracks. The errors in above figures associated with data 
points shown only for the highest and lowest values of p are the standard statistical errors. 
The magnitudes of the moments are distinctly different for different values of p and due 
to this reason variation of In C^,^(M) with \r\M for p < 1 are separately drawn from 
those for p > 1. One can readily see from these figures that in general a linear dependence 
of lnC^,^(A^) on InM is observed in the neighborhood of p = 1 for the entire range of 
corresponding M, though the feature is more prominent for moments with p < I. Now it 
is evident that power law behaviour represented by Eqn. (4.22) is well satisfied for grey 
and black tracks. This indicates the erratic nature of nuclear fragments. 
In order to find the erraticity exponents, i//^(p), in the present investigation, the 
above graphs have been redrawn in Figs. 4.11 (a-c) and Figs. 4.12 (a-c) respectively for q 
= 2-4 and p = 0.9 and 1.2. The best linear fits of InC^^(M) versus InM give the 
erraticity exponents, (//^{p), which are listed in Table 4.4. To quantify the degree of 
erratic fluctuations of F^(M) from event to event, the values of entropy index, /j^ 
defined in Eqn. (4.23) are calculated for q = 2, 3 and 4. The calculated values of ju^ using 
these slopes, ly^ip), at p = 0.9 and 1.2 are listed in Table 4.5 for fast and slow target 
associated particles produced in ^*Si-Em collisions at 14.6A GeV. Dependence of /j^ on 
the order of moments, q, is also shown in Fig. 4.13 for both types of particles. It may 
readily be seen from the table as well as the figure that the values of /J for black particle 
is greater than grey tracks/such collisions at energy 14.6A GeV. Since higher values of 
entropy index, ju^, corresponds to smaller entropy and more chaotic in nature [49,50]. 
The present study gives an evidence of the erratic behaviour of nuclear fragments and 
signifying the chaotic fragmentation process in relativistic heavy-ion collisions. 
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28c Table 4.5: The values of the erraticity exponent, %(p) and the entropy index, ^q for Si-
Em interaction at 14.6A GeV. 
Interaction/Energy 
Tracks 
''Si-Em 
14.6A GeV 
Grey 
'"Si-Em 
14.6AGeV 
Black 
q 
2 
3 
4 
2 
3 
4 
P 
0.9 
1.2 
0.9 
1.2 
0.9 
1.2 
0.9 
1.2 
0.9 
1.2 
0.9 
1.2 
%(P) 
-0.043 ± 0.006 
0.063 ± 0.002 
-0.086 ±0.117 
0.127 ±0.004 
-0.172 ±0.023 
0.254 ± 0.009 
-0.063 ±0.011 
0.119 ±0.011 
-0.119 ±0.020 
0.227 ± 0.020 
-0.226 ± 0.037 
0.431 ±0.037 
^^ q 
0.353 ±0.006 
0.710 ±0.012 
1.420 ±0.025 
0.607 ±0.016 
1.153 ±0.028 
2.190 ±0.052 
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Chapter -5 
Some Observations Related to Intermittency 
and Multifractality in ^^Si-Em Collisions at 
14.6AGeV 
5.1 INTRODUCTION 
Bialas and Peschanski [1] initiated the study of fractal phenomena in high-energy 
particle and nuclear physics with the motivation of searching for a second order phase 
transition. The existence of large fluctuations in rapidity space was first observed in the 
cosmic ray experiment by the JACEE Collaboration [2] and later on in accelerator 
experiments [3,4]. It has been suggested that a quark-gluon phase transition could give 
rise to large fluctuations. Bialas and Peschanski introduced the method of scaled factorial 
moments (SFMs), which is considered to be the most significant one for extracting the 
dynamical contribution to the fluctuation in multiplicity distribution in high-energy 
collisions. They suggested a power law scaling behaviour of the SFMs on phase space 
interval size down to the detector resolution and described the phenomenon as 
"intermittency", a term coined from hydrodynamic turbulence [5]. The scaled factorial 
moment method cannot only predict the existence of large non-statistical fluctuations but 
it could also investigate the pattern of fluctuations and their origin. 
Initially, there was a strong speculation that the origin of intermittent type of non-
statistical fluctuation was thought to be the result of the phase transitions from QGP to 
normal hadronic matter in relativistic nucleus-nucleus collisions. But no conclusive 
evidence for the formation of quark-gluon plasma has been found in nucleus-nucleus 
collisions at ultra-relativistic energies [6]. Therefore the interpretation of intermittency 
can no longer be related with QGP formation. Only future experiments would clarify the 
situation. Most of the experimental results on the SFMs support the intermittent 
behaviour. But the various results presented are not enough for an unambiguous 
interpretation of the effect. Bialas realized, that Bose-Einstein correlations and 
intermittency might be deeply connected [7]. Various suggestions such as the jet and 
minijet formation [8], conventional short-range correlations [9], Bose-Einstein (BE) 
interference [10] and self-similar random cascade mechanism [11] were considered 
responsible for the origin of intermittency. These correlations are frequently referred to as 
Hanbury-Brown-Twiss (HBT) correlations [12] in the literature of heavy ion physics. 
However, if intermittency is caused by HBT phenomenon, there is no problem of 
hadronization and decay of resonances. 
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There is a strong feeling that the BF. interference can play a role in dynamical 
fluctuations. This correlation arises due to the symmetric wave functions of identical 
bosons in BE statistics. Increase in the value of the factorial moments, Fq, with 
decreasing phase-space size could be explained on the basis of the above correlations 
between identical charged particles (FIBT effect). The phenomenon of intermittency 
would be stronger for equal charged particles than for all charged particles. Analysis of 
some experimental results [13-15] shows that BE effect cannot be considered as the main 
source of intermittency, especially in e* ^"annihilation [16], lepton-hadron [17] and 
hadron-hadron collisions [13] at relativistic energies. Most of the experimental results on 
the SFMs observed by NA35 and WA80 CoJJaborations [J8J have been explained 
through the Bose-Einstein correlations. However, EMUOl data exclude the possibility of 
BE correlations as a dominant source of intermittency in heavy ion collisions [19]. 
It has been observed that the intermittent behaviour is clearly explained due to short-
range correlations [19,20] for lower order of moments. The intermittency has also been 
observed in a variety of collision processes and therefore it may be considered as a 
general property of multiparticle production. However, no single mechanism could 
explain the observed intermittency in various collision processes. So a detailed study is 
required to understand the intermittency more rigorously. 
The self-similarity observed in the power law dependence of scaled factorial 
moments reveals a connection between intermittency and fractality. Hwa [2] was the first 
to provide the idea to use multifractal moments, G^, to study the multifractality and self-
similarity in multiparticle production. If the particle production process exhibits self-
similar behaviour, also the G^ -moments show the remarkable power law dependence on 
phase-space bin size. However, if the multiplicity is low, the G^ -moments are found to 
be dominated by statistical fluctuations. In order to suppress the statistical contribution, a 
modified form of G^ -moments in terms of the step function was suggested by Hwa and 
Pan [21], which can act as a filter for the low multiplicity events [21,22]. Also, this 
method has been used to understand the multifractality in lepton, hadron and nuclear 
collisions [23-25]. However, the shortcoming in all these analyses is that the 
experimental data on the scaled factorial moments, F^, and on the multifractal moments, 
G^, only approximately show the expected linear behaviour on a log-log plot. To 
overcome this difficulty, Takagi [26] has proposed a new method for studying the 
multifractal structure of multiparticle production and successfully applied this method to 
study fractality in UA5 data on proton-antiproton interactions [27] and TASSO and 
DELPHI data on electron positron annihilations [28,29]. It has been pointed out by 
Takagi that the deviations from the linear behaviour in a log-log plot may be partly due to 
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the faet that the above methods are unable to give the required mathematieal limit: the 
number of points tending to infmity. 
The properties of a multiply excited hadron can be explained by observing the 
multiplicity of particles and their distributions in variable phase space. In doing this, an 
attempt has been made to investigated some observations on intermittcncy and 
multifractality of the multiplicity distributions of relativistic shower particles produced in 
different Ng-intervals in the collisions of ^*Si-Em at 14.6A GeV energy in the 
pseudorapidity phase space using the methods of Takagi moments, T ,^ scaled factorial 
moments (SFMs), F,^ , and modified multifractal moments, G^. The F^ and G^ moments 
have been calculated in terms of new-scaled variable ^^(7). The variation of the 
anomalous fractal dimension, d^^, generalized dimensions, D^, with the order of the 
moments, q corresponding to the three types of moments is investigated. I have also 
looked at the behaviour of the multifractal specific heat as obtained from the generalized 
dimensions, Dq, obtained from the T,^-moments, F^-moments and G,^-moments, 
respectively. For this purpose, the total 951 events with mean multiplicity <Ns> = 21.34 
±0.16, have been divided into three data subsets: (i) Ng = 0-1 (390 events) with <Ns> = 
15.70 ± 0.20, (ii) Ng = 2-4 (337 events) with <Ns> = 23.11 ± 0.26, and (iii) Ng > 5 (196 
events) with <Ns> = 31.76 ± 0.33. In order to compare the experimental results with the 
prediction of standard generators of particle production in nucleus-nucleus collisions, we 
have generated 10,000 Si-Em collisions events at 14.6A GeV using the ultra-relativistic 
quantum molecular dynamics, (UrQMD) model [30]. To check the presence of the 
statistical fluctuations in multiparticle production, the experimental data have been 
compared with 10,000 randomly generated uncorrelated Monte Carlo (MC-RAND) 
events. In the present investigation, only interactions with Ns > 8 are considered, since 
the events with low multiplicity (Ns < 8) would have large statistical fluctuations. These 
fluctuations are studied in the range of pseudorapidity, A7= -1.25 to 6.75, leaving out 
the fragmentation tails where statistics are low. 
5.2 MATHEMATICAL TOOLS AND EXPERIMENTAL RESULTS 
It should be pointed out that the single charged particle pseudorapidity distribution is 
non-uniform. This non-uniformity of the distribution influences the scaling behaviour of 
takagi, factorial and multifractal moments. Bialas and Gazdzicki [31] proposed a new 
scaled variable X{T]) which drastically reduces the distortion produced in the study of 
multiplicity fluctuations due to non-uniformity of single charged particle distribution. 
This new-scaled variable ^^ (77) is related to the single particle density distribution p{ri) 
as given following relation: 
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\p(>r)^K>r) 
^('7) = f 
'12 
lpO?')ci{n') 
(5.1) 
where p{Tj) -(1/ N)dn/ drj is the single particle pseudorapidity density of the shower 
particles and 77, and rj^ are the minimum and maximum values of the pseudorapidity 
distribution for a given value of the pseudorapidity 77 falling in the interval ^rj^rj^ -z/, 
of an individual shower tracks in an events. The variable X(rj) corresponding to single 
particle density distribution is uniformly distributed from 0 to 1 in X-space. Fig. 5.1 
shows the single particle density distribution in A'space for ^^Si-Em collisions at 14.6A 
GeV. Such uniformity in density is an implicit assumption in the derivation of the power 
law scaling behaviour of the takagi moments, scaled factorial moments (SFMs) and 
modified multifractal moments. In terms of cumulative variable .^(77), the single particle 
density distribution is always uniform and both horizontal averaging and vertical 
averaging should produce the same result. 
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Fig.5.1: Single particle density distributions of scaled 
variable X(TI) for ^^ Si projectile at 14.6A GeV. 
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5.2.1 Analysis with Takagi iVIoment, Tq 
Takagi [261 proposed a new method to understand the multifractal strueture of 
multiplicity distributions of charged hadrons in pseudorapidity phase space. In this 
method, a single event contains n relativistic shower particles distributed in the interval 
77ii,i^  < A// < z/,,,,^  in 7-phase space. The multiplicity of n charged particles changes from 
event to event according to the distribution P^(ATJ), where Arj = 77,,,.,^  -'Z,,,,,, • The single 
particle density distribution is divided into M bins of equal size SJ]-AIJ/M . The 
multiplicity distribution for a single bin is represented as P„{^ri) for n = 0, 1, 2, 3, , 
where it is assumed that the inclusive rapidity distribution dnidrj is constant and 
P„{Srj) is independent of the location of the bin. If Q denotes the number of 
independent events, then the shower particles produced in Q. events are distributed in 
QM bins of size SJJ . Let A'^  be the total number of hadrons produced in these events 
and /7y the multiplicity of particles in the j " ' bin of the /"• event. In accordance with the 
theory of multifractals [24], the normalized density, P^^, is defined by: 
P„=nJN (5.2) 
This is also true for N -^ co. The Takagi moment of order q is defined as: 
n M 
T^{dii)^\nYt,P: f o r 9 > 0 (5.3) 
It is expected to behave like a linear function of the logarithm of the "resolution" R{drj), 
T^iSTj) = A^+B^\nRiSrj) (5.4) 
where A^ and B^ are constants independent of STJ . If such a linear relation is observed 
for a considerable range of R{ST}) , a generalized dimension may be defined as 
D^=B^/{q-\) (5.5) 
For a sufficiently large number of events Q, the summation in Eqn. (5.3) is evaluated as: 
YZP; = <n'<>l{N'''<n>) (5.6) 
Using Eqns. (5.3-5.6), the following linear relation is easily obtained for the simplest 
choice R{5ri) - drj. 
liKn" >=A^+{(q-\)D^+l}lnSrj (5.7) 
In order to verify the above relation, it was observed [27] that the variation of 
ln<n' ' > as a function of In 7^  for UA5 data on p p' collisions at A/S =200 GeV 
shows a considerable deviation from the linear behaviour for the larger 77^  region (rj^ . is 
the pseudorapidity in the centre of mass system). This deviation may be due to non-flat 
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behaviour of dn/Jr] in the projeetile and target fragmentation regions where |/;| is large. 
It was suggested [26] that <n> would be a better choice for R{Si]). From Eqn. (5.7), 
one gets the following relation: 
ln<A7" >=A,^+{{ij-\)D,^+\}\n<n> (5.8) 
= Ai +K,^]n<n> 
where the slope A',^  is related to the generalized dimension, D,^ , by the following 
relation: 
D^^iK^,-\)/iq-l) (5.9) 
The existence of linear behaviour over a considerable range of < « > indicates the 
presence of the fractal structure in the multiparticle production. The values of D^^ for q > 
2 in expression (5.5) can be determined easily from the slopes of the plot between 
in < n'' > and In < « > . The value of information dimension, D,, for q = 1 can be 
determined from the simple relation given as: 
<rtlnrt > / < « >=C,+D| In < « > (5.10) 
Here, the idea of a multifractal structure of the relativistic shower particles has been 
investigated for the emulsion nuclei by looking at the behaviour of In < «'' > versus 
In < rt > for q = 2-6 in a single bin of varying size in pseudorapidity space. For this 
purpose, the analysis of the multiplicity distribution in the central pseudorapidity region 
has been considered, which covers most of the produced shower particles. The values of 
<n\nn> / <n> and < n* > are calculated for each interval. The values of In < n* > as 
a function of In < n > for different q are shown in Figs. 5.2 (a-c) for Si-Em collisions in 
different Ng-intervals as described in the last paragraph of section (5.1). All the observed 
points clearly follow an excellent linear relation for the whole range of < « >. The values 
of the slopes, K^, for Si-Em collisions for different Ng-intervals were obtained by 
fitting relation (5.8) to the experimental points. The linear behaviour of In < «'' > with 
In < n > in the above figures gives an indication of fractal structure in multiparticle 
production in 7-space. Similar observations have also been reported by other workers 
[32]. 
5.2.2 Multifractal Analysis in terms of Modified Multifractal Moments, Gq 
The modified multifractal moments proposed by Hwa and Pan [21] are more closely 
related to the fractal behaviour of particles produced in the multiparticle system. They 
have used to minimize the contribution of the statistical fluctuations. In this method N 
single charged shower particles in a given interval of X -variable of pseudo-rapidity 
^ = i^nax ~ ^min ^^ e distributcd into M nonempty bins of width SX = AX / M . A 
modified, G^ -moment is defined by the following relation: 
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Figs. 5.2 (a-c): Variation of in<n''> as a function of in<n> in the interactions of ^ *Si-Em 
collisions at 14.6A GeV, for: (a) N^  = 0-1, (b) Ng = 2-4 and (c) Ng > 5 along with 
UrQMD model. 
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^^.,=Y.^>^,IN)'0{n,-cj). (5.11) 
where q is a positive integer, n^ denotes the number of charged particles in the j " ' bin 
A/ 
and jV = ^ " ^ is the total number of particles detected in an event. The step function, 
i=\ 
M 
9 {n^ -q) has been added to the original definition of <J,, = X ( " / ^^1 '" °^^^^ ^° 
minimize the statistical noise: 
fl, ifn>q 
' [0, if n^ <q 
For very large multiplicity, the value of the step function is unity, so the modified G^ -
moments give the same result as the old G^-moments. However, for low multiplicity 
events, the ordinary G^ -moment is dominated by the statistical fluctuations. 
The multifractal moment < G^^ > for M nonempty bins is defined as: 
<G,> = ~rtG., (5.13) 
t'V ' 
where Nev stands for the total number of events in a given ensemble. According to the 
theory of multifractals, if the multiplicity distribution of charged particles has a fractal 
structure, then the power law behaviour of G^-moments can be expressed by the 
following relation: 
<G^> oc M''" (5.14) 
where r^  is the fractal index and can be found from a linear dependence of In < G^  >"^ 
on InM over all windows as: 
Aln<G„ > 
r = ^—. (5.15) 
" Aln(M) ^ 
In order to examine the dependence of ln<G^ >""^ on InM, the values of the 
multifractal moments < G^  >'"'^  for q = 2-6 have been calculated using Eqn. (5.11) for 
our data at 14.6A GeV. The variations of ln<G^ >"•"* with InM of the emitted 
relativistic shower particles in X -phase space are shown in Fig. 5.3 (a-c) for different 
Ng-intervals in the collisions of ^*Si-Em with Ns > 8. It is clear from the figure that 
In < G^  > now exhibits a linear dependence on In M for q > 1 without saturation. 
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This linear behaviour is found to satisfy the power law dependence as described in Hqn. 
(5.11). The observed linear dependence of the multifractal moments gives an evidence of 
self-similarity for the mechanism of particle production and an initial indication of fractal 
structure in multiparticle production. A similar trend of power law dependence of 
In < G,^  > on In A/ has also been obtained from an inspection of results in \xp, pp and 
e V data [33,34]. In order to check the authenticity of the experimental results with the 
prediction of standard generators of particle production in nucleus-nucleus collisions, we 
have used the string hadronic transport model, UrQMD. The UrQMD results shown by 
dotted lines are also presented in Figs. 5.3 (a-c), which also exhibit a linear dependence 
on \nM similar to the experimental data. A comparison of real and UrQMD results from 
the figures shows that the experimental values of In < G^ > are somewhat smaller in 
comparison to those obtained for UrQMD data for q > 4. Furthermore, the results from 
the figures reflect that there is an agreement between the experimental data and the 
corresponding results for events generated using the UrQMD model. The experimental 
values of r^  obtained using the least-square fitting of the experimental points in the above 
figures are shown in Table 5.1. The values of r^  for each data set are plotted as a 
function of the order of moments, q, in Fig. 5.4 as reported by others [35,36]. From the 
figure, one can readily observed that the values of r^  are nearly independent of collision 
energy and mass of the projectiles. 
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Fig. 5.4: Dependence of iq on order of the moments q for different Ng-
intervais in the interactions of ^^ Si-Em at 14.6A GeV. 
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In order to check the presence of the statistical iluctualions to < }\^ > and < G',^  >, 
uncorrelated Monte Carlo events, (MC-RAND) were generated randomly in r|-space 
based on the assumption of independent emission of particles according to the following 
criteria [37]: 
(i) N such particles in each event are distributed randomly in the give A/7 -interval; 
(ii) the multiplicity distribution of generated events should be similar to those of the 
experimental data and 
(iii) the single particle //-distribution of generated event in /;-space reproduces 
Gaussian shape with its mean value, < // >, and dispersion, a, comparable to the 
corresponding experimental values obtained for the entire experimental sample. 
The variations of In < GJ"" > with In M for the uncorrelated MC events 
(conventionally also called mixed events) are also included in Fig. 5.3 (a-c) by dotted 
lines with the corresponding experimental and UrQMD data (represented by open circles) 
in X-phase space. The slopes of the plots, r^"", thus obtained are also listed in Table 5.1 
along with the experimental data. A clear difference of the pseudorapidity fluctuations is 
observed for statistically generated events. The pattern of variation of In < G^  > on \x\M 
for mixed events is more or less similar to that of the experimental data, but the 
magnitudes of G,^-moments are always significantly less in comparison to the 
experimental values. This feature can be attributed to the existence of the dynamical 
fluctuations. There is a good agreement between our data and the results reported by 
other workers [38,39,40]. The variation of < G "^" > on M like < G^  > also exhibits a 
power law dependence on M as: 
< G ; ' ^ ' > O C M " ^ ' (5.16) 
The dynamical contributions to the G^-moments suggested by Chiu et al.[37] is 
expressed as: 
< G^  >*" = [< G^  > / < G;"" >] M'-" (5.17) 
If < G^ >*" also exhibits a power law dependence on M as: 
<G^>'"" oc M"'^^ (5.18) 
then the dynamical contribution to r^  can be extracted from the experimental r and the 
r^ "" using the following formula [26,34,37] 
<"=r,-r:"^q-\ (5.19) 
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Expression (5.17) reduces to G;"" = A / ' " provided < G,^  > is purely statistical, which 
implies from [-qn. (5.19) that r'!^" =q-\ lor trivial dynamics. The dynamical values of 
r,;^ '" obtained by inserting the values of r„ and r,)"" in Eqn. (5.19) for q = 2-6 are also 
listed in Table 5.1. Therefore, it is evident from this table that the values of T'^^" deviate 
significantly from (q-1). This indicates the presence of the dynamical fluctuations in our 
data. 
• 2 8 c Table5.1: Values of a,^, r ^ , r)"", r;"", (q-1-r;'"') and Ar^ in the interactions of'"Si-
Em at 14.6A GeV. 
Intervals 
N, = 0-1 
Ng = 2-4 
Ng > 5 
q 
2 
4 
5 
6 
2 
3 
4 
5 
6 
2 
3 
4 
5 
6 
«-/ 
0.13510.031 
0.256±0.045 
0.588±0.051 
0.989+0.067 
1.20010.074 
0.13810.032 
0.26110.046 
0.600+0.052 
1.009+0.064 
1.234+0.075 
0.145+0.033 
0.27410.048 
0.63010.055 
1.05910.072 
1.29610.079 
<' 
0.72110.012 
1.364+0.023 
1.97810.031 
2.501+0.045 
2.870+0.068 
0.73510.012 
1.391+0.023 
2.01810.032 
2.55110.459 
2.92710.694 
0.77210.013 
1.46110.025 
2.11810.033 
2.67910.44 
3.07410.728 
<;•' 
0.81210.045 
1.70110.057 
2.701+0.066 
3.63510.074 
4.51210.081 
0.83610.046 
1.75210.059 
2.78210.068 
3.74410.076 
4.64710.083 
0.88710.049 
1.85710.069 
2.94910.072 
3.96910.081 
4.92610.088 
1 
0.90910.077 
1.663+0.141 
2.277+0.194 
2.86610.244 
3.35810.285 
0.89910.076 
1.63910.139 
2.23610.190 
2.80710.239 
3.28010.279 
0.88610.075 
1.60410.136 
2.16910.184 
2.71010.230 
3.14810.268 
(q-l-rf) 
0.09110.006 
0.33710.024 
0.72310.051 
1.134+0.079 
1.64210.115 
0.10110.007 
0.361+0.025 
0.76410.054 
1.19310.084 
1.72010.120 
0.11410.008 
0.39610.028 
0.83110.058 
1.29010.090 
1.85210.130 
^^. 
0.09110.006 
0.33710.024 
0.72310.051 
1.13410.079 
1.64210.115 
0.10110.007 
0.36110.025 
0.76410.054 
1.193+0.084 
1.72010.120 
0.11410.008 
0.39610.028 
0.83110.058 
1.29010.090 
1.85210.130 
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5.2.3 Relationship Between Fq and Gq-Moments 
There is an increasing evidence for self-similar properties of muhiparticie production 
at high energy. This behaviour is explained by the power law dependence of normalized 
factorial moments F^, whereas G,^  -moments are described as a means of studying the 
multifractal property of self-similar process. It has been proposed [21] that to establish a 
relation between the fractal behaviour of F and G , the normalized factorial moments 
F^ and G,^-moments have been explained in terms of basic functions B^^^(M), which is 
used to characterize the fractal behaviour. We have also used this method to find a 
connection between F^^ and G^. 
It is well known that the F^ and G,^  -moments are defined for integer values of q > 1 
and real values of q respectively. In order to establish a relation between them, q values 
for G,^  -moments are also restricted to integer values of q > 1. In order to suppress the 
statistical fluctuations, the G^^ -moments can be defined in terms of the basic functions 
5 , , ( M ) a s : 
<G^{M)> = f^B^,{M){q + ky (5.20) 
The functions B^^ ^ (M) express the basic fractal structure of the data, which is given as: 
B,A^) = <N-'Q^^,(M,N)> (5.21) 
where Q^^^ (M, N) are defined as the number of bins containing (q+k) particles in an 
event of multiplicity N in the pseudo rapidity range A^. k = 0, 1, 2 and < > indicates 
an average over all events. 
The expansion of Eqn. (5.20) can be written as: 
<G^iM)> = B^,(M)q' [f] (5.22) 
where only first few terms in above expression make a significant contribution at large M 
and the values of r^ are found by the sum of those terms. The power law dependence 
of < G^  (M) > are given as: 
<G^{M)> Qc M"" for large M (5.23) 
To establish a link between the scaled factorial moments [1] and the self similarity 
discussed above on the basis of the multifractals, the usual definition of the scaled 
factorial moments are represented by the following expression: 
M^ (<N>IMy ^ ' 
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which reduces to 
<,.. , . , , . H y ^ l ^ l ^ v : " ' " . - ^ ^ ' > - ,5.25, 
The above form of F^ is in close agreement to the original form proposed by Bialas 
and Peschanski [1]. Thus one can write the following dependence: 
< f;^  > oc M"" for large M (5.26) 
In the above equation, a,^  is the intermittency exponent. The expression of scaled 
factorial moments F^ in terms of 5^ ^  (M) can also be written as: 
<f:^> = A / " - ' | ; 5 , ^ , ( M ) f c ^ (5.27) 
There is clear similarity between Eqns. (5.20) and (5.27) for <G^ >and < F^^ >. The 
values of < G,^  > and < F^^ > show a minor difference in terms of 5,^  ^ (A/). The first few 
terms of Eqn. (5.27) are given as: 
</^,>-M"-'5,^,(A/)r/! \ + ~^ ^ ( ^ + 1) + . (5.28) 
It can be concluded from Eqns. (5.22) and (5.28) that M-dependence of <G^ >and 
< F^ > are not identical. The experimental data should show a power-law behaviour for 
large M provided the evidence of fractal structure exists in the data. However, the 
following expression between aq and r^  are related by considering only the leading 
terms as: 
a^^q-l-T^ (5.29) 
In terms of modified G,^  -moments, the above relation reduces to: 
^ , - ^ - l - < ^ " (5.30) 
5.2.4 Analysis of Intermittency in Pseudo-rapidity Phase Space 
It has been shown [1] that the values of F^ for purely statistical fluctuation saturate 
with decreasing phase space size, whereas in dynamical fluctuation, F^-moments are 
supposed to increase with decreasing phase space size and exhibit a power law behaviour 
of normalized scaled factorial moments, F^. In order to apply above expression (5.24 or 
5.25) for our data, the variation of In < /^ ^ > as a function of In A/ is presented in Figs. 
5.5 (a-c) for different Ng-intervals of ^^Si-Em interactions in X-phase space for each order 
of the moments at 14.6A GeV energy. It has already been shown [41,42] that the 
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horizontally and vertically averaged moments give essentially the same results. It is 
interesting to note that these results from the figures once again suggest that a clear 
dependence of In < f]^ > on InM shows a power law dependence, which confirms the 
presence of intermittent behaviour. Ihe nature of linear dependence of In < F,^  > on 
In A/ is reilected in the values of inlermittency exponents, or,^ , listed in Table 5.1. The 
values of a and r,^  are determined by using the method of least squares. The error bars 
in Figs. 5.5 (a-c) are estimated by considering them as independent statistical errors only 
and the solid lines drawn indicate the least squares fit to the respective experimental data 
points. Though the effect of point-to-point correlations of the statistical errors for 
different bin sizes has not been taken into consideration in the present study, it is 
expected that the exclusion of the correlation of the statistical errors will not change the 
main result appreciably [13,43]. In order to get a quantitative comparison of In < F^ > 
versus \nM with the mixed MC results and UrQMD events, I have also plotted these 
results in Figs. 5.5 (a-c) with the corresponding experimental results. It is observed from 
the figure that UrQMD data also exhibit a linear dependence on In M similar to the 
experimental data. It may be seen from the figure that the experimental values of 
In < F^i > are somewhat larger than the events simulated using UrQMD model. Further, 
it is shown that the experimental data on intermittency exhibit a remarkable closeness to 
analogous data obtained from the UrQMD model. However, the mixed generated events 
exhibit no such dependence on M. This gives an indication for the absence of statistical 
contribution in the experimental data. The flat behaviour in mixed events is expected for 
independent emission of particles. Thus, the experimental results are comparable to the 
results obtained in nucleus-nucleus collisions at different energies [35.39]. Akesson et al. 
[44] also analyzed their data in '^0-Em and ^^S-Em interactions to investigate the 
intermittent behaviour observed in heavy-ion induced collisions. Similar analysis was 
also carried out on MC generated events taking into account the Dalitz decay and gamma 
conversion by the same collaborator [44]. EMUOl collaboration [45] also carried out 
comparison between the data and MC events for ^^S-Au interactions at 200A GeV and 
found an identical behaviour. 
Hwa and Pan [21] have also given a similar relation between intermittency index and 
fractal index, which are approximately related as: 
a^.q-\-T''^"=T:'"-T^ (5.31) 
The above equation is not an exact relation because F^ and G^-moments are 
different and approaches each other only in the limiting case of infinite N. The deviation 
of a^ from zero gives a measure of non-statistical fluctuations of dynamical origin, 
which is equivalent to the deviafion of r^ from q - 1. Figs. 5.6 (a-c) gives a comparison 
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of a^ . A r (= r''"' - r,^ ) and (^ / - 1 - r''"') as a function of q obtained from Table 5.1 for 
the three Ng -intervals of the present data in //-phase space. It is evident from the figure 
that the values of or,^  are not exactly equal to Ar,^  and {q-\-r,"") for Si projectiles at 
14.6AGeV. 
Figs. 5.5 (a-c): Variation of ln<Fq> as a function of In M in the interactions of 
*^Si-Em collisions at 14.6A GeV, for: (a) Ng = 0-1, (b) Ng = 2-4 and (c) Ng > 5 
along with MC-RAND and UrQMD models. 
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It is evident from the figure thai the values of a,^  are not exactly equal to Ar,^  and 
(^ / - I - T]"') lor " Si projectiles at 14.6A GeV. They show a similar trend for all q except 
at q = 6, while these values are close to one another only up to q < 3, and beyond q > 3 
they are different. This difference can be attributed to the difference in the definitions of 
F^  and G,^-moments, since the former is closely related to the correlation function while 
the latter gives a measure of the fractal structures. The contributions of the statistical 
fluctuations in F^-moments are automatically suppressed, whereas in G,^-moments, 
actually they are not eliminated completely. Further, it can be concluded that the 
deviation of r,^  from the statistical r,J"" is a measure of the real dynamics involved. This 
is in agreement with the observation reported by other workers [3, 31, 46]. 
5.3 ANOMALOUS FRACTAL DIMENSSION, dq 
The power law behaviour of the Takagi, SFMs and modified G,^-moments can also 
be interpreted in terms of fractal properties of underlying physical process. Thus it is 
possible to study the anomalous fractal dimension, d , in terms of the slopes, K^, a , 
and r,^  which can be obtained with the help of the following relation: 
d^^ = 1 - {KJ{q -1)} for T^ -moments 
d^^=a^J{q-\) for F^-moments (5.32) 
and d^ =\- {r^  l{q -1)} for G^  -moments 
Independent values of the anomalous fractal dimension, d^, for different q will show 
the existence of monofractality, whereas in case of multifractality an order dependence of 
q is observed. 
The creation of hot and dense hadronic matter in thermodynamical equilibrium may 
be responsible for the production of a phase transition to the hadron phase [11]. If the 
phase transition is of second order, the hadrons in final state would exhibit intermittent 
behaviour and the anomalous fractal dimension, d^, would be independent of the order 
of moments. If on other hand, the final state hadrons are produced as a result of the 
cascading process, the fractal dimension, d^ would increase linearly with q. The 
variations of the anomalous fractal dimensions, d^, with the order of the moments, q, are 
compiled in Fig. 5.7 (a-c) calculated by T^, F^ and G^-moments for relativistic charged 
hadrons in the interaction of Si-Em at 14.6A GeV. The errors shown in the figure are 
standard errors. It may be noted from the figure that the values of anomalous fractal 
dimension, d^^, increases linearly with the increase of q, suggesting a self-similar cascade 
mechanism. So the behaviour of the anomalous fractal dimension, dadoes not favour the 
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origin of any exotic phenomenon. The values of c/^^ are found to be relatively larger and 
grow faster with increasing order q in e' e annihilation [16,17J and lepton-hadron 
collisions [17] than in hadron-hadron collisions [13]. The q dependence is found to be 
considerably stronger for NA22 i^fs= 22 GeV) than for UAl {^fs = 630 GeV) in 
hadron-hadron interactions [47,17]. In heavy-ion collisions, the values of J,^  are small 
and show a weak dependence on q. 
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5. 4 GENERALIZED FRACTAL DIMENSION Dq 
The generalized dimensions, D^, which characterize the fractal nature of particle 
production, are determined from T,, F,, and G,^-moments analyses using the following 
relations: 
D, = A^ ,, l{q -1) for T,, -moments 
D^ = 1 - {a,^  l{q - ])} for F, -moments (5.33) 
and D = r,^  l{q -1) for G,^  -moments 
The values of the generalized dimensions, D^, for different values of q have been 
calculated using above relations (5.33) for our data and the results are displayed in Fig. 
5.8 (a-c). From this figure it is observed that the values of D^ decrease with increasing 
order of the moments, q, and is always less than I for all q. The decreasing trend of D^ 
with increasing q clearly gives an indication of multifractal characteristics, which 
supports an interpretation in terms of a cascade mechanism in multiparticle production. 
The values of the generalized dimension determined by the intermitteney analysis are 
consistently larger and do not match with the other moments. This difference may be due 
to different approaches in the definitions of two moments, whose differences become 
more prominent when N is low. In Takagi's method, making the total number of events 
very large could make the total number of particles arbitrarily large. Another reason for 
the difference in D^ values may be attributed to the different ranges of STJ and the 
definitions of the modified G^ -moments and T^ -moments, where it is assumed that the 
statistical fluctuations are suppressed, but actually they are not eliminated completely. A 
similar behaviour of multifractal structure is obtained in p p' collisions [27] and e* e' 
annihilation [28,29] using Takagi's method. 
In order to exclude the empty bins, we have extended our analysis of Takagi's 
approach to negative values of q. A linear relation between D^ and q for the values of q 
close to zero (- 0.5 < q < 0.5) is represented by: 
D^^mq + c (5.34) 
The values of the intercept (c) in case of *^Si projectiles is found to be approximately 
1.002 ± 0.003 for nucleon and emulsion targets in 7-space. The errors are statistical. This 
result corresponds to D^ ~ 1 for q = 0 from Eqn. (5.34). This result is explained by the 
absence of empty bins in the analysis. The inhomogeneity of the multiparticle density 
distribution can be measured by the quantity DQ-D^. The difference {DQ-D ) or 
(1-Z)^) for different Ng -intervals is illustrated in Table 5.2 for secondary charged 
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particle produced m the collisions of ' Si-i{ni at 14.6A GcV. It is observed from the 
Table, that the values of (1 - D ) decrease with increasing target mass. The variations of 
In < /?'' > as a function of In < /? > for different q and D,^  versus q plots are not shown 
in the figure for nucleon target to avoid more figures. 
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Table 5.2: Values of (/J);, - D,) for different intervals using the 7',^  -moments method for 
the projeetiles "' Si-l-m at 14.6A GeV. 
Types of 
interactions 
Nucleon 
CNO 
AgBr 
q = 2 
0.287±0.001 
0.29010.002 
0.29410.002 
q = 3 
0.36810.003 
0.37110.002 
0.37710.003 
(Do-D,) 
q = 4 
0.43610.001 
0.44110.002 
0.44710.001 
q = 5 
0.47910.002 
0.48310.002 
0.49110.002 
q = 6 
0.50410.002 
0.50910.001 
0.51710.002 
5.5 ANALYSIS OF MULTIFRACTAL SPECIFIC HEAT 
The multifractal specific heat for relativistic shower particles produced in the 
interactions of Si-Em collisions at 14.6A GeV has been calculated using the multifractal 
Bernoulli fiinction, represented as: 
D,=D„^+c\nq/{q-\) (5.35) 
In Eqn. (5.35) the constant c known as the multifractal specific heat of the system 
provided thermodynamical interpretation of the multifractality is used [48]. It is widely 
believed in thermodynamics that the specific heat of gases and solids is constant and 
independent of temperature [48] in a wide range of q. This analogy of constant specific 
heat approximation should also be applicable to the multifractal specific heat. 
Bershadskii [49] also compared the experimental data for ^^^U-Em interactions at 
0.96A GeV [35] and '^ ^Au-Em interactions at 10.6A GeV [35] with Eqn. (5.35) and 
found the values of the multifractal specific heats of - 1/4 and 1/3 for heavy and light 
ions, respectively. 
In order to find the values of the multifractal specific heat, we have plotted the values 
of the generalized fractal dimension, D^, obtained from T^, F^ and G^-moments 
analyses against \n{q)l{q-\) in Fig. 5.9 (a-c) in the collisions of ^^Si-Em at 14.5A GeV 
in ;; -phase space. The straight lines shown in the above figures are best linear fits to the 
experimental points. One can see from the figures that the values of D^ reveal a linear 
increase as a function of \n{q)l{q~\). The linear behaviour in the figures indicates good 
agreement between the experimental data and the multifractal Bernoulli representation. 
The calculated multifractal specific heats extracted fi-om these figures are shown in Table 
5.3 corresponding to 7^, F^ and G^-moments along with other results [39]. It is 
observed from the table that there is no systematic variation in the values of c as 
determined by the different methods. Moreover, no dependence is seen in the values of 
the multifractal specific heat with the projectile mass and their energies. The obvious 
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reason for this difference is due to different values of the gcnerahzed dimension, /J^ 
obtained in the analyses of different methods. However, it is very interesting to observe 
that in Takagi's method some consistency is observed in the values of the specific heat 
obtained from 7'-moments. 
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Table 5.3: Values of multifractal specillc heal using 7'^ , /\, and C/.^ -moments in the 
interactions or'**Si-lim at 14.6A GeV in different Nj, -intervals. 
Multiplicity 
interval 
Ng = 0-I 
Ng = 2-4 
Ng >5 
^, 
0.261 ±0.031 
0.265 ± 0.029 
0.391 ±0.022 
K 
0.174 ±0.093 
0.258 ± 0.094 
0.275 ± 0.094 
G, 
^ITh ± 0.055 
0.291 ±0.052 
0.268 ± 0.052 
KQhKXXQQS 
Present work 
Present work 
Present work 
5.6 EXISTANCE OF NON-THERMAL PHASE TRANSITION 
The properties of intermittency and/or multifractality have been studied [21] with a 
view to investigate the structure of the different phases of a self-similar multiparticle 
system. There is a feeling that a self-similar cascade mechanism is not consistent with 
particle creation during one phase, but instead requires a non-thermal phase 
transition [50]. 
It has been suggested [16,21] that the signals of non-thermal phase transition can be 
studied with the help of the function, l^, represented by the relation: A^  = (^^ +1)^^ • 
The intermittency index, a^^ characterizes a power law behaviour of the form: 
(Scaled Factorial Moments) oc (Phase Space Size)"" 
The condition for the existence of such different phases of a self-similar cascade is 
that the function A^ should have a minimum value at q = qc [51]. It has been shown that 
self-similar multiparticle systems behave differently in the two regions q < qc and q > qc. 
The regions with q < qc and q > qc are dominated by numerous small fluctuations and rare 
large fluctuations [52], respectively. 
In the terminology of non-thermal phase transition [53], the system resembles a 
mixture of a "liquid" of many small fluctuations and a "dust" consisting of high density. 
The system in terms of q < qc and q > qc represents "liquid" and "dust" phase respectively. 
The study of non-thermal phase transition performed in the pionization region is capable 
of giving valuable information about the collision dynamics during multiparticle 
production. In this contrast the present data has been analyzed in terms off -moments 
for different Ng -intervals in pseudorapidity phase space for finding the signal of non-
thermal phase transition. The variation of A,^ as a function of q is shown in Fig. 5.10 at 
14.6A GeV in the *^Si nuclei with emulsion. From the above figures displaying the 
behaviour of A^ function, it may be noted that no clear-cut minimum value of A for 
certain value of q has been observed. Thus no clear evidence for the existence of non-
thermal phase transition is found for the present data as reported by other workers [54]. 
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To get an unambiguous evidenee. the analysis should be done upto q = 8 with large 
statisties. A elear minimum at q^  = 3 has been found for NA22 data with low P, < 0.15 
GeV/e. Jain et a!., reported [55J that only some of their reiativistic heavy-ion data had a 
A minimum. C-Cu collision at a comparatively low energy (at 4.5 A GeV/c) indicates 
the existence of a A,^  minimum at q^  = 4 or 5 [56]. So the global experimental view of the 
scenario for the existence of non-thermal phase transition is rather inconclusive and 
further in-depth study is needed. 
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Chapter - 6 • ? 
Existence of Levy Stability and Intermittent 
Behaviour in Multi - Dimensional Phase Space in 
^^Si-Em Interaction at 14.6A GeV 
6.1 INTRODUCTION 
The ultimate aim of relativistic heavy ion experiments at AGS, CERN SPS and 
relativistic heavy ion collider, RHIC, at Brookhaven National Laboratory is to provide an 
opportunity to investigate strongly interacting matter at energy densities unprecedented in 
a laboratory, which ultimately gives an evidence for the quark-gluon plasma (QGP) 
formation. The QGP is a state of matter in which quarks and gluons are no longer 
confined to volumes of hadronic dimensions. In deep inelastic scattering experiments, it 
has already been revealed that quarks at very short distances move freely, which is 
referred to as the asymptotic freedom. Quantum Chromodynamics (QCD) describes the 
strong interactions of quarks and gluons. A variety of possible signatures for the transient 
existence of a deconfined state of matter in nucleus-nucleus (A-A) collision has been 
proposed theoretically and studied experimentally by various workers[l,2].The 
experimental observation of large rapidity fluctuations [3] has provided interest and 
excitement about their nature and origin. Bialas and Peschanski [4] have suggested that a 
power law scaling behaviour of normalized SFMs (< F^ > oc A/"') on the bin size and 
described the phenomenon as "intermittency", a term coined from hydrodynamic 
turbulence [5]. The SFMs method carmot only predicts the existence of large non-
statistical fluctuations but it could also investigate the pattern of fluctuations and their 
origin. 
According to the predictions of a simple scale-invariant cascade model [6], the 
higher order scale factorial moments are related to the second order scaled factorial 
moments by a modified power law, which may provide some vital information about the 
underlying dynamics. It has been found that the slopes of the power law between higher 
order and second order SFMs are independent of the phase space size and phase space 
dimension [6,7]. Ginzburg-Landau formalism [7-9] and the scaling exponent in relation, 
Pq ={q-\y help to provide a useful diagnostic tool to detect the existence of second 
order phase transitions in hydronization process. Analysis of modified power law has 
been used to investigate hadronic collisions [6,10] and nuclear collisions data [7,11-13]. 
The dependence of ratios of higher order anomalous fractal dimension [6] on the order of 
moments can help to search for an intermittent type of fluctuations in the multiparticle 
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production process. The Levy stable law [6J4| has been used to study such dependences, 
where multiplicity fluctuation is described quite successfully [15J. The study of variations 
of these ratios on the order of moments has suggested the existence of self-similar 
cascade processes and a second order phase transition [6,14]. If the underlying 
mechanism is a self-similar cascade mechanism, then it leads to intermittent fluctuations 
and this type of behaviour is characterized by multifractals, whereas, if it is a second 
order phase transition, e. g., quark gluon plasma, the behaviour is characterized by 
monofractals. 
The study of fluctuations in rapidity density as a possible signature for QGP has 
gained much eagerness during last couple of years. We have studied the dynamical 
fluctuations, in terms of the scaled factorial moments [5],F^, have been studied, which 
describes the genuine phenomena of multiparticle production in one and two dimensional 
phase spaces. So far the existence of dynamical fluctuation has been made in one-
dimensional (1-D) distributions of pseudorapidity rj-space only. Very few data are 
available in the azimuthal plane and two-dimensional (2-D) 77^ -^phase space using 
emulsion technique. In order to compare the experimental results on intermittency in one 
and two-dimensions and to see a better understanding of intermittency, a detailed study of 
intermittency has been performed \n T] , <f) and 77^  -spaces respectively. The present study 
includes the relation between higher order and second order scaled factorial moments in 
one-dimensional pseudorapidity (7), azimuthal angle (^) and two-dimensional (7^) 
spaces in different Ns-intervals. The ratio of anomalous fractal dimensions {d^ I d^) as a 
function of order of moments, q, has been studied and Levy-stable law [6,14] has been 
used to find the Levy index {/u). Also, a multifractal spectrum, f{a^) in pseudorapidity 
space corresponding to negative q values has also been studied. Finally, a modest attempt 
has been made to study the spatial and event-by-event fluctuations of relativistic shower 
particles produced in the interaction of ^*Si-Em collisions at 14.6A GeV in 1-D and 2-D 
phase space for different Ns intervals. 
In the present investigation, the pseudorapidity (7) and azimuthal angle (^) have 
been used as the two variables representing phase space. For the study of dynamical 
fluctuations, the pseudorapidity interval A7 is taken as -1.25 to 6.75, while the azimuthal 
angle varies firom A(^  = 0 - 27c and it is divided into M^ bins of size, 5<j) = 27tl M^. Only 
events with Ns > 8 were considered to maximize the contribution of dynamical 
fluctuations [15]. 
6.2 MATHEMATICAL ANALYSIS 
In order to perform a meaningful analysis of intermittency, normalized "cumulative" 
variables, X{T]) and X{(l)) were used to reduce the effect of non-uniformity in single 
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charged particle distributions, hi terms of new scaled variables. X{ij) and A'(<z)), the 
single particle density distribution is always uniform in between A'^ 0 and 1 and both 
"vertical" and "horizontal" averaging of scaled factorial moments should produce the 
same result. 
The cumulative variable in the phase space (say;;) is defined as [16]. 
^(7)= Jp('7')^/7'/ ']pir?')djj' (6.1) 
where p{Tj} is the single particle pseudorapidity density of shower particles and 
m^.n ('7m,.v) '^ ^^^ minlmum (maximum) value of rj. Similar relation as Eqn. (6.1) was 
used to calculate X{^). Though our entire analysis on scaled factorial moments will 
henceforth be performed taking X^^{X^) as the basic variable, we shall continue to call 
the corresponding space 77 (^) -space. 
Various experimental efforts have established the existence of the empirical 
phenomenon of "intermittency" in multiparticle production using normalized scaled 
factorial moments. On the basis of bin averaging the normalized scaled factorial moments 
of the order of q is defined in vertical form as: 
' ''" <n'L> 
Ki^^)=^i:f^ (6-2) 
and its horizontal form is defined as: 
K^^V) = <Z '7t^> (6-3) 
{<n> IM ) ' 
where nl - n„, («„, -1) (n„ -q + \), and also bracket <.... > of Eqn. (6.3) indicates the 
average over all events in the whole data sample. 
Using the normalized scaled factorial moments, < F^ > an increasing trend in non-
statistical self-similar fluctuations with decreasing bin size is representation of an 
intermittent behaviour, which leads to a power law expressed by: 
F^ (SX) Qc SX'"" (SX ^ 0) (6.4) 
or, F.iSX) ozM"'' (M->0) 
where a^ is the intermittency exponents, and SX is bin size, which is defined as: 
SX = A/M or SX = {Xiy)^^^-X(y)„,J/M. 
This analysis in a single phase-space dimension in ;7and ^ spaces respectively was 
extended to two dimensions (7^^)-space. In order to use above formulism in two 
dimensions, a rectangle in the (7^)-space was considered, which was divided into 
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^n^ = '^ A, X ^U bins of each size ^>>¥ = (A/;/yV/,^) (A(Z)/A/J with ^'i, = A'^, where 
the sum now extends over M' bins in Eqns. (6.3-6.4) and «,„ is the number of particles 
in the i^''' bin in the (?7(Z>)-space. The pseudorapidity interval. AT/, is divided into M 
bins of uniform width ST] - AJ] - {^(7,„ax)-^('7,„,„)}/^ • 
6.3 RESULTS AND DISCUSSIONS 
6.3.1 Intermittency in One Dimension (1D) 
It is well known that the statistical fluctuations are suppressed in the study of scaled 
factorial moments (SFMs), where as, ordinary multiplicity moments (< «'' > / < « > ' ' ) is 
unable to reveal the existence of dynamical fluctuation due to signiricant contribution of 
the purely statistical fluctuations. The SFMs are capable of measuring the large-scale 
fluctuations and provide information about the pattern of these fluctuations. The 
cumulative interval of '^(77) or X(^) variable, is successively divided into M = 2-30 
bins. The calculated values of In < F^  > as a function of In M in 77 and (p -spaces for 
each order of moments are shown in Figs. 6.1 (a-c) and 6.2 (a-c) respectively for three 
distinct groups of Ns -intervals (i) 8<A^ .^ <15 with < yV>,. >= 11.45±0.19, (ii) 
16 <A^, <23 with < TV, >= 19.15 ±0.25 and (iii) TV, > 24 with < TV, >= 34.32 ±0.33 , 
in ^*Si-Em collisions at 14.6A GeV. The present result is also compared with UrQMD 
predictions for different Ns -intervals in 7 and ^ -spaces respectively. The linear rise in 
In < F^ > values with increasing In A/ in Figs. 6.1 (a-c) and 6.2 (a-c) shows that a power 
law scaling behaviour as described in Eqn. (6.4) is really obeyed by the SFMs. This 
confirms the presence of intermittent pattern in the dynamical fluctuation of multiparticle 
production, as predicted by Bialas and Peschanski [4] in two-phase spaces. Similar trend 
is observed in the corresponding UrQMD predictions shown by open circles in Figs. 6.1 
(a-c) and 6.2 (a-c) respectively for different Ns -intervals. It is observed from these 
figures that UrQMD data also exhibit a linear dependence similar to the experimental 
data. It may be further observed that the experimental values of In < F^ > are somewhat 
larger than the events simulated using UrQMD model. It may readily be seen from the 
figure that the dependence of SFMs on M in dimension ^ shows almost the same 
characteristics as in dimension rj. In order to check the presence of the statistical 
fluctuations, uncorrelated Monte Carlo events were generated randomly and incorporated 
by dotted lines in the above figures. The generated events exhibit no such dependence on 
M as expected. The experimental result is not reproduced by the independent emission 
mode. This gives an indication for the absence of statistical contribution in the 
experimental data. The flat behaviour in MC events is expected for independent emission 
of particle. 
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On the basis of results presented, it is emphasized thai the dynamical lluctuations of 
the relativistie shower particles might exist in the pseudorapidity (77) and azimuthal angle 
{<!))- phase spaces using the method of factorial moments. The power law behaviour of 
SFMs on M reveals self- similar behaviour. Also, a comparison of the experimental 
results with corresponding results for events generated using UrQMD model indicates 
that the fluctuations observed in the case the experimental data are not only because of 
statistical reasons, but may have some dynamical origin. Similar result is evident from 
different Ns -intervals. 
6.3.2 Intermittency in Two Dimension (2D) 
Recently, it has been suggested to study the interaction dynamics and sources of the 
multiplicity fluctuations and power-law scaling behaviour of SFMs in the multi-
dimensional (7, (f) ) phase-space. Thus analysis of the data has been performed to 
check the existence of intermittency signal from one-dimensional 7 or ^ variable to the 
two-dimensional (7^) variable. One started with a rectangle in (77^)-space. The 
rectangle was divided into M^^ bins each of size (5r|6(p) =(ATI/M^) (Acp /M^). Fig. 6.3 
28 
(a-c) shows the plots of In < f]^  > as a function of 'n A/,^ M^ in the interactions of Si-
Em collisions at 14.6A GeV for q = 2-6 for different Ns -intervals. A linear rise of SFMs 
is seen from the figure and a larger value of a^ is reported in Table 6.1. A stronger 
intermittency effect is observed in 2D, in comparison with a weak signal observed in one-
dimension (ID). Result obtained using UrQMD model is also shown in Fig. 6.3 (a-c) for 
comparison, which also follows the similar trend. The individual analysis in 
pseudorapidity or azimuthal space may not be favourable to detect the existence of quark-
gluon plasma. Instead of QGP, intermittent behaviour is observed. The analysis of 
experimental result in two-dimensions is more effective than the one-dimension in 
different Ns -intervals. Finally, it may be concluded that the results in nucleus-nucleus 
interactions with ^^ Si beam at 14.6A GeV fulfil the predictions of the self-similar cascade 
model in observing the intermittency. 
Note:- The error bars in Figs. 6.1 (a-c) - 6.3 (a-c) are estimated by considering them as 
independent statistical errors only and the solid lines drawn indicate the least squares fit 
to the respective experimental data points. Though the effect of point-to-point 
correlations of the statistical errors for different bin sizes has not been taken into 
consideration in the present study, it is expected that the exclusion of the correlation of 
the statistical errors will not change the main result appreciably [17,18]. 
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6.3,3 Dependence of Internnittency Indices on q 
I'or better understanding of intermittency indices, a^^, it has been calculated using 
least square fitting of the data points in Figs. 6.1 (a-c) - 6.3 (a-c). The values obtained 
experimentally in different Ns -intervals are reported in Table 6.1 in ?], (j) and 77^  -phase 
spaces respectively. It is observed from the table that the exponent, or,^ , in Eqn. (6.4) 
increases with increasing order of moments, q, for different sets of data samples in 1-D 
and 2-D phase space respectively. 
Table 6.1: Values of intermittency index in multi-dimensional phase spaces in the 
interaction of ^^Si-Em at 14.6A GeV. 
Multiplicity 
intervals 
8 < N s < 1 5 
Experimental 
data 
8 < N s < I 5 
UrQMD 
data 
15<NsS23 
Experimental 
data 
15<NsS23 
UrQMD 
data 
Ns>24 
Experimental 
data 
Ns>24 
UrQMD 
data 
Phase 
space 
7 
<l> 
n<i> 
7 
<^> 
ri<j> 
7 
<l> 
n<l> 
n 
<t> 
v<l> 
n 
<t> 
r^(j> 
V 
</> 
TJ^ 
a. 
0.17510.010 
0.18410.009 
0.i89±0.0ii 
0.16310.008 
0.17110.009 
0.17610.011 
0.19110.010 
0.19310.011 
0.196+0.012 
0.175+0.009 
0.17910.010 
0.18410.012 
0.19810.010 
0.201+0.011 
0.20310.012 
0.182+0.009 
0.18710.010 
0.19110.011 
a. 
0.39510.011 
0.415+0.021 
0.42710.026 
0.36710.018 
0.38610.021 
0.39710.024 
0.43110.022 
0.43510.024 
0.44210.027 
0.39610.020 
0.40410.022 
0.41610.027 
0.44610.022 
0.45410.025 
0.45810.027 
0.41110.021 
0.42210.023 
0.43110.026 
a, 
0.68910.014 
0.72310.036 
0.74410.045 
0.64110.032 
0.673+0.037 
0.692+0.042 
0.75110.038 
0.758+0.042 
0.772+0.046 
0.69110.035 
0.70510.039 
0.72510.044 
0.77910.039 
0.79210.044 
0.799+0.046 
0.716+0.036 
0.73710.041 
0.75110.045 
a, 
1.18310.018 
1.24210.062 
1.27810.077 
1.10010.055 
1.15510.064 
1.188+0.071 
1.28910.064 
1.30110.072 
1.32510.079 
1.18610.059 
1.21010.067 
1.245+0.075 
1.337+0.067 
1.36010.075 
1.372+0.082 
1.230+0.061 
1.265+0.070 
1.29010.077 
0^6 
1.76710.025 
1.85510.093 
1.90810.115 
1.64310.082 
1.72510.095 
1.77510.106 
1.926+0.096 
1.94410.107 
1.97910.119 
1.77210.089 
1.80810.099 
1.86010.112 
1.99710.100 
2.03210.112 
2.05010.123 
1.83710.092 
1.89010.104 
1.92710.116 
The values of a^ (^) in ^ -space are consistently higher than those a^ (rj) values in rj-
space. It is also observed that the intermittency effect is not independent of the phase 
space variable. The values of a^ in 7^ -space are higher than its value in ^ -space. The 
intermittency effect is more pronounced in 7^-space than in one-dimension. The 
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observation ol" experimental results clearly indicates a stronger intermittency signal in 
//(/)-space. The higher values of 6ir,^  in i}^-space is consistent with the interpretation that 
the increase in factorial moments is due to clusters of particles yielding a correlation 
between local ?; and (^ -fluctuations. However, a constant and small values of or,^  are 
seen for MC generated events. 
6.3.4 Dependence of < F > vs. < F, > 
Ochs and Wosiek [6] have observed that in self-similar cascade model, higher order 
SFMs do not show a power law behaviour (Eqn. 6.4) in the plot of In < F^ > versus 
InM dve to smaJJ statistics. Jt has been pointed out in the aJpha-cascade xnodeJ that the 
one and two-dimensional SFMs follow a modified power law of the form: 
< F / A / ) > oc [giM)]"'' (6.5) 
in the full Srj and SJJS^ range. giM) is generalized function of M . Expressing giM) 
in terms of < F, > , one can find the following linear relation [6]: 
l n < F > = / ? J n < F , > + C^  (6.6) 
with y9,^  = or,^  / a j • The slopes, /?,^, can be obtained by plotting In < F^ > as a function of 
In < FjiM) > . C^i is constant. A plot of In < F > versus In < F2 > reveals remarkable 
linearity for all values of q over nearly the entire range of In A/ exhibited in Fig. 6.4 (a-c) 
- Fig. 6.6 (a-c) for 7, (f> and rjif) -phase spaces respectively. Hwa [22] has also obtained 
the following type of power law behaviour: 
^ , ^ ( ^ 2 / ' , (6.7) 
where the values of P^ summarize the scale invariance property on the global scale. Eqn 
(6.6) is found to be valid in case of large class of cascade models [6,7,9,10]. The 
characteristics of self-similar behaviour in multiplicity fluctuations have also been found 
to exist in the frame-work of the Ginzburg-Landau theory of second order phase 
transition [7]. 
In order to know the dependence of intermittency behaviour in multiparticle 
production in ID and 2D phase space on average multiplicity, the average scaled factorial 
moments, < F^ >, for q = 2-6 are calculated using Eqn. (6.3) for three distinct groups of 
Ns intervals in the interaction of ^*Si-Em collisions at 14.6A GeV in 7, ^ and 7<z)-phase 
spaces respectively. Figs. 6.4 (a-c) - 6.6 (a-c), show the variation of In < F^ > as function 
of In < Fj > corresponding to different Ns intervals in X -phase space for each order of 
the moments. It is interesting to note from these figures that a linear dependence of 
In < F^ > on In < Fj > indicates power law behaviour, which confirms the validity of 
re/afion {6.6) in tj, ^ and 77^-phase spaces respectively. Furthermore, it is noted from 
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these tlgures that the values of the scaled factorial moments are larger for the 
8 < JV^ < 15 sample and smaller for the N^ > 24 sample in rj, <^ and i](p -phase spacesifw^cti'* 
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It is also obvious from the figures that the values of the SFMs in two-dimensional (z/^ )^ 
space are larger than the corresponding values of SFMs in one-dimensional /; and (f) 
spaces for three multiplicity intervals considered. Observation of such a power law may 
indicate a self-similar cascade mechanism in multiparticle production process. The values 
of slopes, «,(;;) , a2{(f))^nd a^{ri<f)) for different Ns intervals for the best fitted lines are 
listed in Table 6.2. It is readily observed that a2{i]), Qr2(< )^and a^(r}(p) values decrease 
with increasing multiplicity in all cases. It is also obvious from the table that the values of 
ccii^^) ii^  two-dimensional (r}(^) space are larger than ofjC^jand OTJC^)'" O"^' 
dimensional (7 or ^) space. Thus intermittency effects are more pronounced in two-
dimensional {T]<J>) space. The decreasing trend of OTJ, for 7, ^ and 7^-phase spaces 
implies that the intermittency effects are stronger in events with low multiplicity in the 
above mentioned phase spaces. This effect may be due to the presence of several 
independent sources in higher multiplicity events, which has a tendency of reducing the 
intermittency effects with increasing multiplicity [19]. 
Table 6.2: Values of slope a-, for the second-order scaled factorial moments in 7, ^ and 
ri(j) - phase spaces for the interactions of ^*Si-Em collisions at 14.6a GeV. 
Multiplicity 
intervals 
8 < N s S l 5 
16 < Ns < 23 
NsS24 
Order of 
moments q 
3 
4 
5 
6 
3 
4 
5 
6 
3 
4 
5 
6 
CCiill) 
0.156±0.011 
0.161±0.016 
0.163±0.0I9 
0.16610.012 
0.170±0.012 
0.170±0.013 
0.18310.017 
0.18810.012 
0.18810.023 
0.19210.026 
0.19810.039 
0.20610.042 
« 2 W 
0.16410.013 
0.16910.018 
0.17110.024 
0.17410.014 
0.17110.014 
0.17110.016 
0.18510.020 
0.19010.024 
0.19110.023 
0.19510.038 
0.20010.054 
0.21510.074 
a^{ri(j)) 
0.16910.015 
0.17410.021 
0.17610.016 
0.17910.019 
0.17410.016 
0.17510.019 
0.18810.026 
0.19310.029 
0.19710.045 
0.20410.061 
0.21610.086 
0.22910.059 
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6.3.5 Universal scaling Behaviour of Fq 
It has been shown by various workers [7,20,21 ] that the value of P^^ in liqn. (6.6) is 
very useful to probe the nature of intermittent systems, since y3,^  describes the scaling 
behaviour of F , relative to F , . They have discussed the multiplicity fluctuations of 
relativistic hadrons produced in high-energy heavy ion collisions arising from a quark -
gluon plasma (QGP) in accordance with the Ginzburg-Landau theory. The scaling 
behaviour is represented by the following relation: 
P,={<i-'\Y (6.8) 
with V = 1.304 as the critical exponent. It is reported [6,7,9] that P^ and scaling 
exponent, v, are independent of the phase space bin size and also of the dimension of 
phase space. 
The scaling exponent in above relation helps to investigate the existence of second 
order phase transitions in the hadronization process. If the experimental value of the 
scaling exponent, v, is less than the critical value of 1.304, then the existence of a second 
order quark-hadron phase transition is expected [6]. The value of v higher than its 
critical value would imply the absence of such a phase transition. The experimental 
values of scaling exponent found in different experiments [6,11,12,22] are more than its 
critical value. Thus, no clear evidence for the existence of a second order phase transition 
has been found in these experiments. 
6.3.6 Pg as Function of q in 7 , ^ and r}(^ Phase Spaces 
The values of /?^ (7) , /?^ (^) and p^ (ij^) in 77, ^  and 7^ spaces may be found by 
the least square fitting of the experimental data in Fig. 6.4(a-c) - Fig. 6.6 (a-c). The values 
of P^(jj) as a function of q in 7space for different Ns-bins are exhibited in Fig. 6.7 (a). 
It is observed that the parameter, P^, increases with increasing order of moments for all 
Ns intervals in Si-Em interactions at 14.6A GeV, and the values of P^ are independent 
of shower particle multiplicities for the events. The values of p^ corresponding to the 
critical value of the scaling exponent, v = 1.304 are also shown by the dotted lines in 
Fig. 6.7 (a-c), whereas, the fitting of the experimental values of p^ to Eqn. (6.8) 
represented by solid line gives v = 1.495, which is significantly higher than the critical 
value. The current experimental value of »^  is 2cr away from the critical exponent. The 
values of the slopes P^{^) in ^ space as a function of q are plotted in Fig 6.7 (b). 
Similar to 7 -space, the values of P^ {(fi) in <j> space are found to be independent of event 
multiplicities and its values increases with increasing order of moments. The fitting 
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experimental values of P^ {(f>) obtained from the least-squares fitting of the data points to 
iiqn. (6.8) represented by solid line gives the scaling exponent, v = 1.513, which is 
higher than the critical value of K. It is interesting to observe that the value of v is 
higher than the critical value. This observation implies the absence of second order phase 
transition in the interactions. It is useful to investigate the presence of a second-order 
phase transition in two-dimensional phase space. Dependence of /?,,('7^) on q is shown 
in Fig. 6.7 (c) in two-dimensional (77^ ) space for the different multiplicity intervals. 
Similar effect is also seen in two-dimensional (TJ^) space like 77 and (f> spaces. Fitting of 
experimental points to relation (6.8) gives v = 1.594, which is also higher than the 
critical value of v. 
In order to find the dependence of the slope, /?,^, on the phase-space dimension, the 
values of P^^ are plotted as a function of q in one-dimensional 7, ^ and two-dimensional 
(7^) spaces in Fig. 6.8 (a-c). The variation of /?,^  with the order of moments q for Ns -
interval ^< N^ < 15 in rj,<j) and ri(j) spaces is shown in Fig. 6.8 (a). It is clear from the 
Fig. 6.8 (a) that the p^^ corresponding to 77, (j) and 77^  spaces increases with increasing q 
and the values of P^ are found to independent of the phase-space dimensions. From Fig. 
6.8 (a) the value of the scaling exponent, v is found to be 1.606, which is significantly 
higher than the critical values of v. Similar plots in Fig. 6.8 (b-c) for Ns -intervals 
16 < N^ < 23 and N^ > 24 show that the values of p^ are independent of the phase-
space dimension [21]. The corresponding values of v from above figures are found the 
be 1.553 and 1.486 respectively. The average value of the scaling exponent, v, for the 
present data is found to 1.541, which is also more than its critical value. The value of 
scaling exponent, y, obtained experimentally is always higher than the critical value 
predicted for a second-order phase transition. Thus, one may conclude that no second-
order phase transition is possible in such interactions, which in not in accordance with the 
prediction of Ginzburg-Landau theory. It has already been reported earlier that the slope, 
P^, are independent of the phase space dimension [6,23,24] as well as independent of 
average multiplicity and even the reaction type [6,21,24]. 
Furthermore, it is important to recognize that Eqn. (6.8) does not belong to the Levy 
stable region. It is better to use Levy stable law to draw the q-dependence of d I d-^. 
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6.3.7 Theory of Levy Stable Law and Fractal Anomalous Dimension 
Ihe anomalous fractal dimension [25,26J, J^, in term of intermittency index, cr,^ , is 
represented by the following relation: 
d„ =aJ{q-\) (6.9) 
which measures the fractality of a system. [25]. The linear increasing trend of the fractal 
dimension, t/,^ , on the order of the moments, q, supports multifractality and hadrons in 
the final state are produced as a result of self-cascade mechanism [3,25,26], while on the 
other hand, a constant d^^ for different q suggests mono fractality and does not favour the 
origin of any exotic phenomenon. The ratio of the anomalous fractal dimension, d^l d^, 
is given by [7]: 
<, Id, = K , la,){\l{q-\)) = J3^ /iq-\) (6.10) 
The log-normal distribution for self-cascading mechanism predicts the form of t/,^  /d, as 
[13,27]: 
dJd,=q/2 (6.11) 
and log-binomial distribution predicts d^/d, to lie in between 1 and q/2 [7,13]. The 
gross features of the exact solution can be retained if instead of a log-normal 
approximation. Levy stable laws are used. Levy stable laws are considered to be useful in 
describing the intermittency in multiparticle production at high-energy collisions. The 
Levy index, ^, helps in classifying the intermittency regimes due to different kinds of 
phase transitions during the cascade process. If ju <\, then it corresponds to a thermal 
phase transition where as, its value for // > 1 is due to non- thermal phase transition 
during the cascading process. 
Usually, the following relation in terms of the intermittency indices 
aJa,=iq''-q)/{2''-2) (6.12) 
is used to find the value of the Levy stability index, ^ . Using Eqn. (6.10), the anomalous 
fractal dimension, d^, is expressed as: 
djd, =l/(q-\)[iq'-q)/(2''-2)] (6.13) 
According to the Levy stable theory, the value of // is confined to the interval 
0 < /i < 2 , and the central limit theorem corresponds to ju-> 2. In this limit Eqn. (6.11) 
reduces to: 
ccJa,=qiq-l)/2 (6.14) 
It is seen that Eqn. (6.14) is valid for any real value of q including q < 0, while Eqn. 
(6.12) in the present form is not applicable to q < 0. An analytical continuation of Eqn. 
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(6.12). which is valid tor q < 0 and in limit // -> 2 passes to liqn. (6.14) in the whole 
range ofq is [28]: 
aJa,=[{q'r'-q]l{2"-2) (6.15) 
Using above relation, Eqn. (6.13) reduces to: 
< ^djd, =\l{q-\)[{q'y"-{iil{2"-2))] (6.16) 
7 '/ 
A system with a second order phase transitions yields intermittency with a 
monofractal structure, i. e., a single anomalous fractal dimension leading to d^^ /d^ =\ 
for all q [29], whereas, the cascade models predict a multifractal structure with an infinite 
number of different anomalous fractal dimension, d^. 
6.3.8 Behaviour of Anomalous Fractal Dimension in One and Two 
Dimensional Phase Space 
t 
The values of the ratio of d^ (- d^^ / d^), for 77 -space, ^ -space and two-dimensional 
77^-space in different Ns -intervals are calculated using Eqn. (6.10) for the interactions of 
/ t f 
^*Si-Em collisions at 14.6A GeV. The variation of d^ (7), d^^ (<^)and d^^ {r](f>) with order 
of moments, q for three distinct groups of Ns-intervals: (i) 8<A >^,. <15, (ii) 
16 <N^ < 23 and (iii) N^ > 24 are shown in Fig. 6.9 (a-c) in ?j,<^ and jj<^ spaces 
respectively. It is readily observed from the figure that the ratios of anomalous fractal 
dimensions, d^ (= d^ld-^) in one and two-dimensional spaces increases with increasing 
q and the values of d^ in T], (f> and 77^  spaces are found to be independent of event 
multiplicities. The dotted lines in the figure represent the two boundaries of Levy stable 
regions corresponding to // = 0 and // = 2, respectively. The dashed curve, which 
represents Eqn. (6.12), deviates significantly from the observed points for q > 4, whereas, 
the solid curve represented by Eqn. (6.16) completely reproduces the experimental data 
and fulfills the requirements of the Levy stable region (0 < // < 2). The value of the 
Levy index, \i, for the data, obtained from the fits of Eqn. (6.16) in Fig.6.9 (a-c) are 
found to be 1.509 ± 0.205, 1.607 ± 0.241 and 1.693 ± 0.348 respectively, which are 
consistent with the Levy stable theory and multifractals corresponds to "wild" 
singularities. Thus, it is observed that the Levy index, / / , obtained gives a clear evidence 
of multifractal structure and self-similar cascade mechanism responsible for multiparticle 
production in the present interactions and rules out the possibility of formation of a 
quark-gluon plasma [29]. The value of \\. has been found in the range 1.3 < // < 1.6 for 
e^e', fup, hh, pA and AA collisions [6,30], whereas, the value of Levy index, /j., has 
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not been found in the region of Levy stabihty ( 0 < / / < 2 ) in some experiiTicnt[31,32] 
except in case of two dimensional phase space. 
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t 
Fig. 6.10(a) exhibits c/,^  values as a function of q for Ns -interval 8 < A'^  <15 in 
Tl,<j) and rji/) spaces. The experimental values of d^^ lies between the two dashed lines 
are well described by // = 1.683 ± 0.427. The values of t/,^  are seen to be independent of 
the phase-space dimension. The values of J,^  corresponding to 16<yVs<23 and 
A^ .^ > 24 intervals are also plotted as a function of q in Fig. 6.10 (b-c). It is obvious from 
the figures that d^ are independent of phase-space dimension. The values of the Levy 
index, / / , are recorded to be 1.547 + 0.394 and 1.479 ± 0.325 respectively from Figs. 
6.10 (b-c). 
The average values of the Levy index, fu, is 1.569 ± 0.148, which lies in the Levy 
stable region (0 < // < 2). This value of // is consistent with the Levy stable theory. The 
values of d^ in all cases are independent of multiplicity and phase-space dimension [21 
and references therein]. Finally, the value of // obtained in the present experiment gives a 
clear evidence of self-similar cascade mechanism and rules out the possibility of 
existence of a quark-gluon plasma [31,32] in the present experiment. 
6.3.9 Renyi Dimension and Multifractal Spectrum 
Renyi dimension (also known as generalized fractal dimensions), D^, and 
multifractal spectrum, f{a^), are often used to study the presence of multifractal 
structure. The generalized dimension, D^, expressed in terms of intermittency index, a^, 
given by relation: 
D=\ '— (6.17) 
(^-1) 
plays a significant role in fractal theory. 
The relation between the spectral function, /(a^), and the fractal index, r^, is 
obtained through Legendre transformation as follows: 
f{a^) = qa^-T^ (6.18) 
with 
a^ = dz^ Idq and d f{a^) Ida^ = q (6.19) 
where a^ is the Lipschitz-Holder exponent. The following conditions are fulfilled for the 
existence of multifractal structure in a data provided (i) f{a^), are continuous function 
of a^, (ii) f{a^) must have an upward convex shape with a distinct peak at a^ = a^ and 
(iii) f{a^) < f{a^), for q t^ 0. The width of the f{a^) distribution is a measure of the 
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size of dynamical lluctuations. I'or a purely statistical system with absolutely no 
fluctuations, / (o-,^ ) = ",, = • ^ r^ all values ofq and the function, / (a ,^) , for all values of 
q and the function, ./(a,^), is a straight line parallel to the y-axis at or,^  - 1. 
The continuous order intermittency indices, or,^ , are calculated using Eqn. (6.15) by 
putting // already found in Sec. 6.3.3. In order to calculate r,^ , we have used the 
following relation [33]: 
r „ = t y - l - a ^ (6.20) 
We have avoided calculating r,^  from G^-moment method, because G^-moments 
are dominated by statistical fluctuations, whereas F^-moments are free from statistical 
fluctuations. Now the Renyi dimension, D,^ , and multifractal spectrum, f{a,^), are 
calculated in r\ space using Eqns. (6.18) and (6.19) with q = -0.8 to 6.6 in step of 0.2. 
The variations of D^ versus q and / (a , , ) as a function of a^ for different Ns intervals 
are shown in Figs. 6.11 (a-c) and 6.12 (a-c) for 7j, </> and TJ^ phase-spaces respectively. It 
is obvious from Fig. 6.11 (a-c) that the values of D^ decrease from 1.153 ± 0.023 to 
0.278 ± 0.061 in 77-space, 1.160 ± 0.029 to 0.293 ± 0.064 in (^-space and 1.158 ± 0.026 
to 0.301 ± 0.057 in 7^-space as q increases from -0.8 to 6.6 for ;;, ^ and T]<^ phase-
spaces respectively. Thus the decreasing behaviour of the generalized fractal dimensions, 
D^, with increasing order of moments, q for all Ns intervals in Si-Em collisions at 
14.6A GeV clearly indicates the presence of multifractality for the present data. From 
Fig. 6.12 (a-c), it may be seen that the / ( a ^ ) are represented by continuous curves in 
one and two dimensional phase spaces. The figure also shows a distinct peak at a^ = a^ 
for all Ns samples and solid line represents tangent at an angle of 45 at a, = /(or,). The 
left hand sides (q > 0) of the spectra f{a^) are sensitive to peaks and the right hand sides 
(q < 0) describe the valleys of single particle 7-distribution [36], which might be 
responsible for producing relativistic particles in nuclear collisions. The most basic 
property of any fractal measure is its dimensions and a set of conventional dimensions for 
q = 0, 1 and 2 are the fractal dimension, DQ = fia^), the information dimension, 
D^=f{a^) and correlation dimension, D-^=laj-f{a-{). The values of these 
dimensions in 7, ^ and rj^ phase spaces are reported in Table 6.3a. The values of D^, 
D, and D-^ also calculated using Eqn. (6.17) with intermittency indices are also depicted 
in Table 6.3b. A consistency is found in the two values obtained by the multifractal 
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spectrum and intcrmittcncy indices. From the discussion of the Renyi dimension, D,^ . 
and the spectral function, / ( a , , ) , it may be said that no phase transition is taking place. 
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I'able 6.3a: Values of various dimensions Z),^  obtained from the spectrum /(aJ(Liqn. 
6.18 in the text) for different Ns-intervals in the interactions of'^ '^ Si-Em at 14.6A GeV. 
The errors are statistical. 
Multiplicity 
intervals 
8 < N s < 1 5 
I 6 < N s < 2 3 
16<Ns<23 
Phase 
space 
n 
<t) 
Tl(j) 
Tl 
^ 
Tl(t) 
Tl 
4) 
n<t> 
Fractal 
dimension 
^o=./'K) 
0.951 ±0.045 
0.905+0.031 
0.875±0.036 
0.856±0.047 
0.814±0.057 
0.788±0.046 
0.770±0.030 
0.733±0.060 
0.709±0.045 
Information 
dimension 
0.923+0.043 
0.879±0.030 
0.850±0.035 
0.831±0.045 
0.791±0.056 
0.765±0.044 
0.74810.029 
0.712±0.059 
0.688±0.043 
Correlation 
dimension 
0.896±0.042 
0.853±0.029 
0.825+0.034 
0.806±0.044 
0.768±0.054 
0.743±0.043 
0.726±0.028 
0.691±0.057 
0.68810.042 
Table 6.3 b: Values of various dimensions D^ obtained from the intermittency index, 
a^, (Eqn. 6.17 in the text) for different Ns-intervals in the interactions of ^*Si-Em at 
14.6A GeV. The errors are statistical. 
1 Multiplicity 
intervals 
8 < N s < 1 5 
16<Ns<23 
16<Ns<23 
Phase 
space 
Tl 
<t> 
n<t> 
Tl 
^ 
ri<j) 
Tl 
(t> 
T|(t> 
Fractal 
dimension 
^ 0 
0.90810.064 
0.89810.062 
0.89210.056 
0.89010.063 
0.88910.072 
0.88410.057 
0.088210.064 
0.87910.070 
0.87710.057 
Information 
dimension 
0.88310.062 
0.87310.060 
0.86810.055 
0.86610.061 
0.86510.070 
0.86010.056 
0.85810.062 
0.85510.068 
0.85310.053 
Correlation 
dimension 
^ 2 
0.82510.058 
0.81610.056 
0.81110.051 
0.80910.057 
0.80810.065 
0.80410.052 
0.80210.056 
0.79910.064 
0.79710.052 
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6.4 SPATIAL AND EVENT-BY-EVENT FLUCTUATIONS 
It is generally believed that through the heavy ion collisions at ultrarelativistic 
energies big systems with very high energy density [34] might be produced. In these 
systems novel phenomena, such as colour deconfinement [35], chiral-symmetry 
restoration [36], discrete-symmetry spontaneous-breaking [37], etc., are expected to be 
present and different events might be governed by different dynamics. With this goal in 
mind, the event-by-event (E-by-E) study of high-energy collisions has attracted more and 
more attention [38]. As it is already stated before that, the power law dependence of 
SFMs referred to as the intermittency [4] has been extensively used to investigate 
fluctuations and chaos in multiparticle production in high-energy hadronic and heavy-ion 
nucleus-nucleus collisions [39]. On the basis of E-by-E the values of scaled factorial 
moments, F'^, are envisaged to help disentangle some interesting and very much useful 
informations about the chaotic behaviour of multiparticle production. A few moments of 
F'' distribution, for example, the normalized moments C^^ are likely to serve the 
purpose. If C^^ shows a power law behaviour then such behaviour is referred to as 
erraticity [40]. It may be stressed that erraticity analysis would like into account 
simultaneously the spatial as well as the E-by-E fluctuations beyond the intermittency. 
Studies involving erratic fluctuations in hadronic and heavy-ion collisions, carried out so 
far [33,41] are not conclusive. It was, therefore, considered worthwhile to examine 
erraticity behaviour in relativistic nucleus-nucleus collisions. Attention is focused on the 
behaviour of erraticity exponents and erraticity spectrum, which are likely to provide 
maximum informations on self-similar fluctuations [40]. Hence in the present work an 
exercise has been made to perform the study of (E-by-E) dynamical fluctuations of 
relativistic shower particles produced in the interaction of ^^Si-Em collisions at 14.6A 
GeV in 1 -D and 2-D phase spaces of X -variable. The findings are compared with the 
UrQMD predictions. 
Using the technique of erraticity moments, C^ ^ , this analysis has been taken out for 
three samples of total data of 951 events to understand the dependence of the erratic 
behaviour on the mean multiplicity of relativistic shower particles as previously 
mentioned. For this purpose all the necessary mathematical tools regarding the erraticity 
moments have been already discussed in detail in the sub-section 4.4.1 of Chapter 4. In 
Chapter 4 the same analysis of erraticity were studied for target fragmentation region, but 
for a better understanding of erraticity moments, C^ ^ , here the analysis have performed 
for the relativistic shower particles at same beam energy. 
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6.5 ANALYSIS AND RESULTS 
6.5.1 Frequency Distribution of Single Event Factorial Moments 
The frequency distributions of single event normalized scaled factorial moments, F/ 
have been shown in Fig. 6.13 (a-c) m rj, (p and rj^- phase spaces respectively. The 
above calculation has been performed for the number of bins M = 2-30 in the interactions 
of *^Si nuclei with nuclear emulsion at 14.6A GeV along with UrQMD prediction. The 
entire range of values of single event factorial moments for a particular partition number 
M has been divided into a number of smaller groups, and the frequency distributions are 
obtained. Though majority of the values of F2 are confined within a limited range, large 
values of F/ are also encountered in significant numbers in each case. It tells us that, 
these fluctuations in event space can be quantified in terms of the erraticity moments and 
can be related to the chaotic nature of multiparticle production phenomena and/or its 
dynamics. 
6.5.2 Dependence of Cp^^{M) on I n M 
The erraticity moments, C^^^iM), have been calculated with the knowledge of 
relation (4.20) for order of moments q = 2-4, and for p = 0.5, 0.9, 1.0, 1.2, 1.4 and 1.6 for 
the present experimental data of nucleus-nucleus collisions. The findings in the forms of 
the pictorial graphs have been plotted between the natural log of normalized erraticity 
moments InC^^ as a function of InM in Figs. 6.14 (a and b) - 6.16 (a and b) for rj, ^ 
and T]^- phase spaces respectively at energy 14.6A GeV. For the sake of comparison 
purpose the plots of corresponding UrQMD predictions are also shown in the same 
figures. From these graphs one may conclude the following: 
It is evident that the erraticity parameters can all be derived from the variation 
pattern of the erraticity moments in the neighborhood of p = \, the analysis has been 
performed and the plots are shown only for that regime. In general, a non-linear 
dependence of InC^^(M) with InM can be observed, a feature that is more prominent 
for moments with p < 1 than for moments with p>\. For higher values of order of 
moments and for p>\, saturation effects in the values of C^^(A/), could be seen from 
Figs. 6.14 (a and b) - 6.16 (a and b) in the higher M region. This feature can be 
attributed to a finite number of particles in an event, because with increasing bins lesser 
number of events contributes to the higher order of q. A few kinks are seen in these plots, 
which are probably due to large E-by-E fluctuations in a particular bin. For each order of 
moments, q, the type of errors are standard statistical, which are due to E-by-E 
fluctuations of the SFMs associated with experimental data points and are shown only for 
the maximum and minimum values of p. The simulated data using UrQMD prediction 
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show the same pattern as experimental data. The dependence of In C^ ^^ as a function of 
In M for UrQMD is high and low similar to that of the experiment, but the magnitudes of 
erraticity moments are always significantly less in comparison to the experimental values. 
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Fig. 6.13(a-c): Frequency distribution of single event factorial moments for 
M = 2-30 and q=2 in the interactions *^Si-Em collisions at 14.6A GeV. 
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6.5.3 Nature of Erraticity Exponent /^/ 
The spatial iluctuations on E-by-E multiplicities are more prominent than the 
tluctuations on the bin-by-bin multiplicity. So the linear dependence of erratic moments, 
InC',, (A/) on \nM has been assumed in spite of the non-linearity observed from a 
graphical representation of the present experimental data. By making a linear fitting in 
Figs. 6.14 to 6.16 for p = 0.9 and 1.2, the values of erraticity exponents, v/,/p)have been 
obtained for q = 2-4. With the knowledge of^,^(p), the values of entropy index, /u^^ has 
been calculated for the total data in j], <f) and 77^  phase spaces along with UrQMD 
prediction. These values are depicted in Table 6.4. The values of /v^(^) in ^-space are 
consistently higher than its value in rj -space. It is also observed that the entropy index is 
not independent of the phase space variable. The values of Mqi'Tt') in Vp -space are even 
higher than its value in rj and ^ -space. The values of n^ in all spaces using the UrQMD 
prediction are much less than experimental values. This indicates that the erraticity effect 
is more effective in 7^ -space rather than in /; or ^ phase space. The observation of 
experimental results clearly supports a stronger chaoticity in 7^ -space. 
With the help of the slopes of Figs. 6.14 (a-c) to 6.16 (a-c) and according to the Eqn. 
4.22, the erraticity exponent, ^^ {p) for p = 0.9 and 1.1 have been obtained and shown in 
Table 6.4. To measure the degree of event-by-event fluctuation in the analysis of event 
factorial moments, F^{M), for q = 2-4, the values of entropy index, //^, are calculated 
with the knowledge of Eqn. (4.23) and are also depicted in Table 6.4. It is evident in the 
table that fi^ increases with q for present data and UrQMD bv.*-J^ c,;t<:onn 
in 7, ^ phase spaces, whereas in 7^ space the 
difference in the values of fi^ are more. These values of entropy indices, //^, for q=2-4 
are in good agreements with the results reported by other workers [42]. 
The values of entropy indices, /u^, have been plotted as a function of order of 
moments, q, in Fig. 6.17 for total experimental data along with the UrQMD data. It is 
inferred from the fig. -tki the values of ^^, increase with the order of q for total data and 
UrQMD data in 7, ^ and 77^  spaces. It also follows that the pattern of variations of ju^ 
with q observed experimentally are nicely reproduced by UrQMD data in 7 and ^ 
spaces, whereas in 7^ -space the difference between two values are more. 
Since higher values of //^ corresponds to smaller 
entropy and show more chaotic behaviour [43].It may be concluded that the present 
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experimental data elearly exhibits the chaoticity in multipartk^e production in nucleus-
nucleus collisions at high energies, Similar results arc reportedjother workers [44,45]. 
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Table 6 4 Values of the crraticity exponents, (//,,(/:') and entropy index, //,^. in the 
interactions of '^^ Si-Em colhsions at 14 6A GeV along with UrQMD prediction 
Phase spai-c/Diita P v^/p) /'./ Rel 
q = 2 
n-Experimental 
n-UrQMD 
(ji-Experimental 
(ji-UrQMD 
rjiji-Experimental 
n(ti-UrQMD 
09 
1 2 
09 
1 2 
09 
1 2 
09 
12 
09 
1 2 
09 
1 2 
-0 063±0 0I0 
0 Ii9±0 0li 
-0 056+0 013 
0 122±0 01l 
-0 118±0 019 
0 131±0019 
-0 I07±0 0I7 
0 1I5±0 020 
-0 206±0 037 
0 439±0 037 
-0 163±0 033 
0 42910 038 
0 607±0 007 
0 59310 009 
0 83010 007 
0 74010 013 
2 15010 026 
1 973+0 025 
Present 
uork 
Prebcnt 
work 
Present 
work 
Present 
work 
Present 
work 
Present 
work 
q = 3 
r)-E\penmental 
n-UrQMD 
(ji-Experimental 
(t(-UrQMD 
r|(|>-Expenmental 
Ti())-UrQMD 
09 
1 2 
09 
1 2 
09 
1 2 
09 
12 
09 
I 2 
09 
1 2 
-0 060±0 006 
0 12410 002 
-0 05910 005 
1 200+0 002 
-0 116+0 011 
0 13910 004 
-0 10710 011 
0 12510 004 
-0 21210 023 
0 45610 008 
-0 40410 021 
0 20310 009 
0 613+0 003 
0 597+0 003 
0 850+0 006 
0 77310 006 
2 22710 012 
2 02310 011 
Present 
work 
Present 
work 
Present 
work 
Present 
work 
Present 
work 
Present 
work 
q = 4 
r|-Expenmental 
71-UrQMD 
(^-Experimental 
(ji-UrQMD 
r)(t)-Experimental 
ti(ti-UrQMD 
09 
12 
09 
1 2 
09 
1 2 
09 
12 
09 
1 2 
09 
12 
-0 08610 012 
0 128+0 001 
-0 08610 012 
0 11510 004 
-0 17210 023 
0 25910 008 
-0 17310 023 
0 24110 008 
-0 24610 037 
0 45510 037 
-0 21210 037 
0 42110 038 
0 71310 006 
0 67010 006 
1 43710 012 
1 38010 012 
2 33710 026 
2 11010 027 
Present 
work 
Present 
work 
Present 
work 
Present 
work 
Present 
work 
Present 
work 
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Chapter -7 
Summary and Conclusions 
With an outlook of the present thesis entitled "^ 4 Study of Intermittency and 
Multifractality in ^^Si-Emulsion Collisions at 14.6A GeV describes the study about the 
dynamics of multiparticle production in nucleus-nucleus collisions. The analysis is based 
on 951 interactions of Si - nucleus collisions at 14.6A GeV using nuclear emulsion. 
Some results in Chapter 3 have also been compared using 701 events of Si-Em and 835 
events of C-Em interactions at 4.5A GeV. The whole work has been divided into seven 
chapters. Chapter 1 presents a brief Introduction to High Energy Heavy Ion Collisions 
and its important relevance. It has been stated that the collection of various types of 
experimental data in high-energy heavy ion collisions is of great importance, even if any 
direct signal of Quark Gluon Plasma (QGP) is not seen in these studies. These results 
may still provide the necessary background, with which the signals from the plasma can 
be searched. 
The complete discussion regarding the experimental technique has been made in 
Chapter 2. This includes an introduction to the nuclear emulsion, its chemical 
composition, details of stacks used, scanning procedures, selection criteria of useful 
events, classification of tracks and events and the methods of various measurements 
employed in the present experiments. In last section of this chapter various models have 
been proposed to understand the collision geometry and dynamics of multiparticle 
production in nucleus-nucleus collisions at ultrarelativistic energies. 
Some results on '''Study of general characteristics of heavy ion collisions at 
relativistic energies " are presented in Chapter 3 to extract the valuable information about 
the mechanism of particle production.. The calculation of the mean free path clearly 
indicates that the results obtained by simple geometrical models is in satisfactory 
agreement with the experimental cross-sections. The percentage interactions with 
different targets represent the particle production rate. The percentage of events decreases 
in case of collisions with light target nuclei (CNO) with the increasing mass of the 
projectile. However, in case of collisions with heavy nuclei (AgBr), the percentage of 
events increases as the projectile mass increases. Some other results, like multiplicity 
distributions of slow, fast target associated particles and heavily ionizing particles, 
multiplicity distribution of total charged secondaries, scaling of grey particle multiplicity, 
mukiplicity distribution of shower particles, mean multiplicity of charged secondaries, 
dependence of mean multiplicity on target mass and several types of correlations among 
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the various charged secondaries have been described. The present investigations lead the 
following conclusions: 
(i) The extended behaviour of multiplicity distribution of heavily ionizing tracks for 
heavier projectiles in comparison to proton beam may be understood in terms of large 
number of collisions between the nucleons of the interacting nuclei, 
(ii) The long tail of the total charged particle multiplicity distributions may arise from the 
interactions of all the nucleons present in the projectiles with the target nucleus, which is 
ultimately possible due to the transfer of projectile energy to the total nuclei, 
(iii) Grey particle multiplicity distribution shows some kind of scaling for nucleus-
nucleus as well as hadron-nucleus collisions. 
(iv) Tail of the shower particle distribution for all the projectiles, shifts towards the 
higher values of Ns with the increase in projectile energy, thereby confirming production 
of more relativistic shower particles within the increasing incident energy, these may be 
suitable candidates for the observation of quark gluon plasma. 
(v) The mean multiplicity of shower particles, <Ns>, as well as compound track 
producing particles, <Nc>, and total charged particles <Nch> increases, as mass number of 
the projectiles increases. However the mean multiplicity of black particles, <Nb>, is 
essentially unchanged, whereas a little change in the mean multiplicity of grey particles, 
<Ng>, is observed with increase in mass of the projectiles. 
(vi) The dependence of <Ns> on projectile mass (Ap) is characterized by a relatively 
strong dependence, which may indicate that heavy ion projectiles at a given impact 
parameter are an extended object rather than a point object as in the case of a hadron 
beam. 
(vii) The multiplicity correlations of secondary particles produced in nucleus-nucleus 
collisions are similar to hadron-nucleus collisions and could be represented by a linear 
dependence. A strong correlation between the number of shower tracks, <Ns>, and grey 
tracks, Ng, has been observed. There exists a clear saturation in the values of <Nb> vs. Ng 
plots beyond certain values of Ng. 
(viii) From the study of correlation, it is evident that a short-range correlation is observed 
whereas there is a poor indication for the long-range correlation. 
(ix) The angular characteristics i.e. the angular distributions of Nb, Ng and Ns, and 
pseudorapidity distributions for shower particles concluded the multiparticle production 
processes at all angles in laboratory frame and is same in nucleus-nucleus and hadron-
nucleus collisions at different projectile energies. 
(x) Pseudo-rapidity distributions of relativistic shower particles produced are completely 
scaled in the region of smaller values of rj and ij -distribution is found to be independent 
of mass and incident beam, whereas weak energy dependence has been found in this 
region. 
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(xi) The muhipHcity distributions of relativistic shower particles, slow and fast target 
associated protons produced in " Si-Hm collisions at 14.6A GeV along with other 
experimental data at various energy ranges exhibit a KNO scaling within experimental 
errors and a small scaling violations are found. The values of the normalized moments, 
C2 and C3 are found to be independent of the masses and energies of the projectiles, 
(xi) The observed features can be understood in terms of geometry of collision processes. 
Finally, the study of multiplicity correlations and clusterization in terms of maximum 
fluctuations of relativistic charged particles in high-energy heavy ion collisions processes 
has been made. It is used as a tool to extract vital information regarding the formation of 
QGP and to find out its signature. It may be of interest to mention that the experimental 
values of <p^^^ > and D{p^^^) in ^- phase space is comparatively higher than those 
for rj - phase space as well as Monte Carlo simulated events. The observed higher values 
of the above two parameters in comparison to the corresponding values for the 
correlation free simulated events, in turn, reveal the occurrence of higher particle 
densities in small rj-windows for the experimental data. Thus our data support the 
presence of dynamical correlations and clusterization within pseudorapidity intervals in 
relativistic nucleus-nucleus collisions. 
Takagi moments, T^, normalized scaled factorial moments, F^, and modified 
multifractal moments, G^, have been used to study dynamical fluctuations for the 
produced charged secondaries in the multiparticle production, which are discussed in 
detail in Chapters 4 - 6 . These methods represent the critical behaviours at quark-hadron 
phase transition, erraticity of spatial patterns of the final states of production processes 
and chaotic behaviours in leptonic, hadronic and nuclear collisions. Erraticity concerns 
the study of the fluctuations of spatial patterns and is a new development beyond 
intermittency. Now a days it is applicable to problems in a much wider scope than 
particle and nuclear physics. The out comes of this study, with the help of scaled factorial 
moments, F^, and modified multifractal moments, G^, have been described for target 
associated particles in Chapter 4 and in Chapter 5 - 6 for relativisfic shower particles. 
Chapter 4, deals with the study of''fractal behaviour of target fragments (i.e., grey 
and black particles) in the interactions of Si-Em collisions at 14.6A GeV\ On the basis 
of the results presented in this chapter the following conclusions may be drawn: 
(i) The observed increasing trend in the values of corrected factorial moments, Fj"" and 
modified G^ moments with decreasing bin size clearly reflects the evaporation model 
and gives an evidence for an intermittency pattern of fluctuations in such heavy ion 
nucleus-nucleus collisions. 
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(ii) The fractal behaviour of multiparticlc production is observed for grey particles as 
well as black particles in the considered collisions of target fragmentation region for 
cos ^ -phase space using F ""' and G,, moments. 
(iii) The values of intermittency indices, a^^, for experimental data are slightly larger 
than the values based on Monte Carlo data, which clearly reveal the predictions of a-
cascade model. 
(iv) The values of mass exponent function, r,^  are found to be nearly independent of 
energy and mass of the projectiles as well as target mass. 
(v) The anomalous fractal dimension, d^, increases linearly with the increase of the order 
of the corrected scaled factorial moments, F^ ™'^ ,^ as well as modified multifractal 
moments, G,^ , thereby indicating multifractal geometry of the emission spectra of target 
fragments. This analysis is useful to understand the emission of target fragments, 
especially the emission of black particles. 
(vi) The decreasing trend in the values of the generalized dimensions, D^^, with 
increasing order of moments, q, obtained by Fq and Gq- moments indicates the possibility 
that multiparticle production for grey and black particles is due to a self-similar cascade 
process. 
(vii) The different values of multifractal specific heat 'c ' determined by Fq and Gq-
moments method do not reveal any kind of universality with respect to the various 
interactions. 
(viii) No clear dip is observed in the graph plotted between A^ versus order of moments 
,q. Thus the given data for target fragmentation do not show a clear indication for the 
occurrence of non-thermal phase transition. 
(ix) A scaling behaviour may be observed for higher order scaled factorial moments 
(SFMs) in the present experimental data. 
Finally, an erratic fluctuation in target fragmentation region for the present data has 
been studied. The evidence of the erratic behaviour of nuclear fragments is observed, 
which signifies chaotic fragmentation process in nucleus-nucleus collisions at high and 
ultra-high energies. 
In Chapter 5, a topic entitled ''some observations related to intermittency and 
multifractality in Si-Em collisions at 14.6A GeV has been presented. The outcomes of 
this chapter may be summarized followings as: 
(i) The study of Takagi moments T^, scaled factorial moments, (SFMs) F^ and modified 
G,,-moments clearly exhibits a linear dependence for q = 2-6 in 7-space for ^*Si-Em 
collisions at 14.6A GeV. It is also clear that the linear dependence of ln<Fq> and ln<Gq> 
Chapter -7 Summary and Conclusions. 1*^ -
on InM are found to satisfy the power law scaling behaviour, which is known as 
intermittcncy phenomenon. Thus it gives an evidence of self-similar structure in 
multiparticle production in rj-space. It also gives an initial indication of fractal structure 
in multiparticle production. 
(ii) Comparison of experimental results with the data generated using the ultra-relativistic 
quantum molecular dynamics (UrQMD) model reproduced similar pattern in most of the 
results. Further, it may be seen that the experimental data on intermittcncy exhibit a 
remarkable closeness to analogous data obtained from the UrQMD model. However, the 
MC generated events exhibit no such linear dependence on M. This gives an indication 
for the absence of statistical contribution in experimental data. The flat behaviour in MC 
generated events is expected for independent emission of particles, 
(iii) The behaviour of anomalous fractal dimension, d^, with order of moments q does 
not favour the origin of any exotic phenomenon in both the phase spaces, whereas the 
decreasing trend of Dq with increasing order of moments, q, supports that the 
multiparticle production is due to self-similar cascade process in rj-space. 
(iv)The multifractal specific heat, obtained with the knowledge of generalized fractal 
dimension, D^, for all the multiplicity moments is found that there is no systematic 
behaviour in the values of multifractal specific heat obtained by different methods. Some 
consistency seems to be observed in the values of the specific heat obtained by Takagi's 
method in ;; -space. 
(v) A study regarding the non-thermal phase transition for relativistic shower particles 
gives no clear evidence of non-thermal phase transition. To get an unambiguous 
evidence, the analysis should be done upto q = 8 with large statistics. 
(vi) On the basis of various results corresponding to the experimental findings, UrQMD 
and MC predictions suggest that the fluctuations recorded experimentally might have an 
indication of some dynamical origin. 
In Chapter 6, I have presented some results on "existence levy stability and intermittent 
behaviour in multi-dimensional phase spaces in ^^Si-Em Interaction at 14.6A GeV". The 
findings of this chapter are following: 
(i) The generalized power law behaviour of scaled factorial moments in ij and ^ - spaces 
in one-dimension and in two-dimension TJ^ phase space reflects an evidence for an 
intermittency pattern of fluctuations in all the above mentioned interactions at 14.6A 
GeV for shower particles. 
(ii) The present study also gives a strong evidence of self-similar structure in 
multiparticle production in such collisions at 14.6A GeV for two-dimensional 7^-phase 
space rather than one-dimensional 77 and ^ -phase spaces. 
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(iii) Ihc values of scaled factorial moments and the intermittency indices, cr,^ , in one and 
two dimensional-space show a strong dependence on N.s -multiplicity as well as phase-
space dimension, whereas jS^^ are independent of multiplicity. The decreasing trend of 
or, (7), «,((;)) and or, (7;^) indicates that the intermittency effect are stronger in events 
with low Ns - multiplicity. 
(iv) The higher experimental value of the scaling exponent, y, in comparison to the 
critical value indicates that no second order phase transition exists in the present 
interactions. 
fd.A 
are found to be d. 
(v) The values of the ratios of anomalous fractal dimensions d^ = 
independent of event multiplicity and phase-space dimension. Increasing trend of 
d^ with q gives an evidence of multifractal structure and presence of a self-similar 
cascade mechanism. 
(vi) The value of the Levy index, ^, found in the Levy stability analysis is of the order of 
0 < /y < 2 for present data for different Ns intervals in one and two dimensional phase 
spaces, which is consistent with the Levy stable region 0 < |a < 2. The values of v and // 
for the data give an evidence of self-similar cascade mechanism responsible for 
multiparticle production. Also, there is no evidence for quark-gluon plasma. 
(vii) Furthermore, the decreasing trend of the Renyi dimensions, D^, with increasing q 
gives an evidence of self-similar process in 7, ^ and ri<j> phase spaces respectively, 
(viii) A smooth and an upward convex shape of multifractal spectral function, /(or) , in 
one and two dimension phase space may predict the presence of non-statistical 
fluctuation for our data. 
(ix) Comparison of all the experimental results with the data generated using the ultra-
relativistic quantum molecular dynamics (UrQMD) model reproduced similar pattern in 
most of the results. 
Finally, a modest attempt has been made to study the spatial and event-to-event 
fluctuations of produced relativistic shower particles in heavy ion collisions at 14.6A 
GeV. Experimental results exhibit the power law behaviour of normalized moments, 
^p.i' which indicates the erratic fluctuations. The variation of //^ with q agrees with the 
predictions of UrQMD model in 7 and </> -spaces. This behaviour indicates chaoticity in 
particle production. It is demonstrated that like multifractal spectral through G^-
moments, erraticity spectrum may also be constructed, which will help to extract 
maximum information on self-similar fluctuations in nucleus-nucleus collisions at high 
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and ultra-high energies. Erraticity may also give useful information regarding the entropy 
and chaotic nature of particle in heavy ion collisions. 
Some significant results have been obtained for dynamical fluctuations in present 
work. It is believed that these fluctuations may be a weak signal of QGP formation in 
such experiment. Further, evidence of these fluctuations has also been observed in low 
energy nuclear collisions, whereas the formation of QGP is not expected. Even in target 
fragmentation process, where the QGP phase transition is most unlikely, some physicists 
have reported evidence of dynamical fluctuations in earlier work. So far, QGP phase 
transition cannot be the only reason for the fluctuations observed in present experimental 
data. It may be possible that the observed fluctuations may have more remarkable 
explanation. The present short-range correlations or random cascade mechanism or some 
collective phenomena could be responsible for the observed dynamical correlations in 
heavy ion collisions at relativistic energies. 
When sufficient number of recent collisions of proton-proton at 14 TeV cm. energy 
in ALICE experiments will be analyzed, the above multiplicity moments analysis of these 
data may provide answer whether there is new physics emerging in the highest systems. 
Future experiments at RHIC, LHC of °^*Pb - °^*Pb collisions at 5.5 TeV per nucleon and 
compressed Baryonic Matter (CBM) at FAIR, Germany, with heavy ion beams upto 
Uranmm ( U) at beam energies from 2 - 45A GeV will provide systems with much 
higher energy densities and larger formation times. If there are large fluctuations induced 
in particle densities from the phase transition from QGP to hadronic matter, then 
comparison of these moments analysis with the present data may provide one of the 
signals needed to establish the existence of a phase transition to QGP state of strongly 
interacting matter. 
In last but not the least this thesis has touched on several seemingly disparate 
areas and it is acknowledged that there is much more mathematical and physical depth 
that may be explored. However, this work has provided some good insights into 
statistical mechanics, multifractals, intermittency and research in general, which will be 
no doubt be of great benefit to future work. 
